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Magnetoelectric multiferroics (ME MFs) exhibit both magnetic and ferroelectric orders
and show coupling between the two order parameters. These materials have potential for their
applications in magnetic field sensors, energy harvesters, and novel spintronic devices. For these
applications, ME MFs with strong ME coupling at room temperature are needed. However at
present there are no suitable single phase materials for these applications. This dissertation uses
the versatility of wet chemistry sol-gel based synthesis methods to explore two methods of
improving the ME coupling and furthering the understanding of the operating mechanisms.
Historically, single phase ME MFs have weak ME coupling at room temperature. Composites of
piezoelectric and magnetostrictive materials achieve ME coupling through strain transfer between
the phases. The first pathway toward technologically applicable ME MFs pursued in this
dissertation is to develop novel synthesis methods of composites of PbZr0.52Ti0.48O3 and CoFe2O4
that optimize the nanoscale phase distribution and avoid parasitic effects like leakage current to
maximize the ME coupling. The discovery of magnetically driven ferroelectricity has renewed
interest in single phase ME MFs for spintronic applications. The rare-earth chromites, such as
DyCrO3, are good candidates for magnetically driven ferroelectricity at much higher temperatures
(~150 K for DyCrO3), than other similar materials. Utilizing the versatility of the sol-gel based
synthesis to study the effects of chemical substitutions, the fundamental understanding of the
magnetic order and magnetic exchange interactions and how they relate to the electronic properties
has been enhanced. These substitutions are shown to cause novel magnetic properties, such as
single phase exchange bias, which facilitates novel functionalities. The work in this dissertation
improves the ME coupling and understanding of the underlying physical mechanisms in MF MFs
to enable future device applications.
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Chapter 1

Introduction

1.1 Magnetoelectric Multiferroics
Traditionally materials have been broadly classified by the type of bonding between the
constituent atoms. This results in the classical description of materials as either metals, ceramics,
polymers, etc.1 More important than the type of bonding, however, is the role that the material can
perform in device applications. The more useful scheme is to classify materials based on their
functionalities, hence the name functional materials. The functionality of a material is defined by
the response of the material under an external stimulus. An example of a functionality is
piezoelectricity, wherein a material develops an electrical polarization upon application of a
mechanical strain. Functional oxides have largely been the focus of recent research due to their
chemical stability and the wide range of functionalities observed in the oxides.2,3 Functional oxides
include materials with properties as diverse as pyroelectricity, piezoelectricity, ferroelectricity,
superconductivity, ferromagnetism, and magnetoelectricity.4–9
As technology strives toward ever smaller devices, it has become increasingly important to
combine multiple functionalities into a single material.10,11 Such multifunctional materials can
serve more than one purpose in the device, eliminating the need additional materials and therefore
allowing for smaller devices. Among the multifunctional materials, there has been much interest
in multiferroics, those materials that have more than one hysteretic or “ferroic” property. 12,13 An
example of a ferroic property is ferroelectricity. Ferroelectrics have a spontaneous switchable
electric polarization. Since an electric polarization is the spatial separation of charge centers,
ferroelectricity breaks spatial inversion symmetry. Another classic example of a ferroic property
is ferromagnetism, which is a spontaneous switchable magnetization. Ferromagnetism breaks time
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inversion symmetry.14 Ferroelastic materials have a hysteretic relationship between stress and
strain. This property breaks neither spatial nor time inversion symmetry, but does break rotational
symmetry.14 For completeness, ferrotoridic materials are those whose magnetic order breaks both
spatial and time inversion symmetry.14
While having any two of the above ferroic properties would make the material multiferroic,
of particular interest are the magnetoelectric multiferroics (ME MFs). Magnetoelectricity is the
cross-coupling between electric polarization and magnetic field, or conversely, magnetization and
electric field. Ferroelectricty is the alignment of electric dipoles, and can therefore be described as
having polar order. In the transition metal oxides ferroelectricity is typically caused by
hybridization between the empty d-orbitals of the transition metals and the fully occupied porbitals of the Oxygen.15 This hybridization causes a displacement of the transition metal ion,
which results in a spatial separation of the centers of positive and negative charge.
Ferromagnetism, on the other hand, is describe by the ordering of atomic spins, and therefore
requires partially filled d-orbitals in the transition metal oxides.15 These competing requirements
for ferroelectricity and ferromagnetism make single phase ME MFs exceedingly rare.16
The wide variety potential applications of ME MFs justify their pursuit. A conceptually
simple application for ME MFs is the sensing of magnetic fields.12 As an alternative to current
magnetic field sensing devices (such as superconducting quantum interface devices; SQUIDs),
ME MFs can provide an inexpensive and passive method of detecting magnetic fields.17,18 Due to
the anisotropy of the response, ME MF magnetic field sensing devices can be used to measure the
3D vector of the magnetic fields.19
ME MFs can also be used as micro-generators in energy harvesting applications such as
providing a power supply for wireless sensor nodes.20,21 Piezoelectric materials can be used for
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vibrational energy harvesting.22 However, the efficiencies of the vibrational energy harvesters can
be significantly increased by utilizing ME MFs. ME MF energy harvesters achieve this superior
efficiencies by allowing for more bandwidth broadening and amplitude enhancement
techniques.23–26 Furthermore, ME MF energy harvesters can additionally couple to stray magnetic
fields, providing an alternate energy source.22
ME MFs have a great potential for applications in microwave and millimeter-wave devices.
In a typical microwave or millimeter-wave bandpass filter or phase shifter devices an external
magnetic field is used to tune the ferromagnetic resonance (FMR) of a ferrite based material.
However, such a magnetic field requires large currents and long reaction times. Alternatively,
similar devices could be made with ferroelectric materials, but these suffer from high losses at
high frequencies. By using a ME MF material in these microwave and millimeter-wave devices,
the FMR of the magnetic material can be tuned by an applied voltage. This results in faster
responses and lower power consumption in both bandpass filter and phase shifter devices.27,28
In the emerging field of spintronics, ME materials are integral to the architectures of many
novel devices, such as reprogrammable logic gates.29 In a spin-valve two ferromagnetic conducting
materials are separated by an insulating layer. The magnetic moment of the bottom ferromagnetic
layer is pinned by the interaction with an antiferromagnet. If the magnetic moments of the two
ferromagnetic layers are parallel the spin polarized electrons can tunnel through the device. If the
magnetic moments are antiparallel, the conduction barrier is high. Current devices are controlled
by either external magnetic fields or spin-transfer torque. However, if the antiferromagnetic
material in the spin-valve was also a ME MF, low power switching of the device could be achieved
by applying a voltage to the ME MF.11 This forms the basis of novel, spintronic, low power logic
gates and random access memory (RAM) devices.30 Using a ME MF material as the component
3

of a spin-valve a logic-gate device design can be realized that allows for the switching between
XOR and NXOR operation.29 If a ME MF material is used as the insulator in a spin-valve then
RAM architectures that allow for eight distinct states can be realized in a single device. 31,32 For
most of the device applications of ME MFs discussed above, a ME MF material is needed that can
operate at room temperature, and usually a high ME coupling is desired.
The pathways to ME coupling in materials is summarized in Figure 1.1-1. The yellow
pathway in Figure 1.1-1 shows how a composite material can achieve ME coupling. These will be
discussed further in Section 1.1.1. The single phase ME MFs follow either the red path or green
pathway, and will be discussed further in Section 1.1.2

Figure 1.1-1: The pathways to magnetoelectric coupling. Type I ME MFs follow the red path.
The green path describes Type II ME MFs. Composite materials achieve ME coupling through
the path highlighted in yellow.
4

1.2 Magnetoelectric Coupling in Composites
One approach to obtain high ME coupling at room temperature is to combine two or more
materials in a composite. Due to the product property relation, the composite can have properties
that neither of the constituent materials possess.33 Strain mediated ME coupling can be achieved
in a composite of a piezoelectric and a magnetostrictive material. This is summarized in the yellow
pathway in Figure 1.1-1. This strain mediated ME coupling can be described by:
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝛼𝐸 = 𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 ×

𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐

𝛿𝐸

= 𝛿𝐻,

(1.2-1)

where αE is the ME voltage coefficient, E is the electric field, and H is the magnetic field. This
linear ME coupling coefficient results from the interaction of the non-linear magnetostrictive (MS)
response with the linear piezoelectric (PE) response of the respective phases. When a magnetic
field is applied to the composite the MS material develops a strain and at the interface between the
two phases this stain is transferred from the MS phase to the piezoelectric PE phase. The strained
PE phase then develops an electric polarization. In such biphasic ME composites it is important to
maximize the coupling of each field to strain in both of the phases. Thus, biphasic ME with
materials with large PE and MS coefficients is expected to show high ME coupling. The work
described in this dissertation will utilize PbZr0.52Ti0.48O3 (PZT) and CoFe2O4 (CFO) as the PE and
MS phases, respectively in the composite film.

1.2.1 Piezoelectricity
Piezoelectricity is the change in electric polarization upon the application of a mechanical strain.
Because polarization is a vector quantity and the strain in a material is a matrix, the full description
of piezoelectric is requires a tensor of rank 3.34 The general equation that describes piezoelectricity
is then given by:
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𝑃𝑗 = 𝑑𝑗𝑘𝑙 𝑋𝑘𝑙 ,

(1.2-2)

where P is the polarization, d is the piezoelectric coefficient, X is the mechanical stress, and j, k,
and l are the three directions. However, because the stress tensor must be symmetric, the third rank
piezoelectric tensor can be reduced to a tensor of rank two, with the stress reduced to a vector Xj
(j = 1-6). For the orthorhombic point group mm2 the piezoelectric tensor can be further reduced to
a matrix with just five non-zero components.35 The reduced form of the piezoelectric matrix is
given by the equation:

𝐷1
0
𝐷𝑖 = [𝐷1 ] = 𝑑𝑖𝑗 𝑇𝑗 = [ 0
𝑑31
𝐷1

0
0
𝑑32

0 0
0 𝑑24
𝑑33 0

𝑑15
0
0

𝑇1
𝑇2
0 𝑇
3
0] 𝑇 ,
4
0 𝑇
5
[𝑇6 ]

(1.2-3)

where D is the electric displacement, d is the piezoelectric coefficient, and T is the applied stress.
The subscript i designates the direction of the electric response. The subscript j designates that of
the mechanical strain, where the values 4 through 6 designate sheer strain about the principle
directions 1 through 3, respectively. For example d33 is the change in polarization along the c-axis
due to mechanical strain in the c-axis. Likewise d31 is the change in polarization along the a-axis
due to the strain c-axis. For polycrystalline ceramics, the coefficient d33, can be interpreted as the
change in polarization measured in the direction of the applied stress, while d31 is the change in
polarization that develops perpendicular to the applied stress. In order for a material to be
piezoelectric, the point group of the crystal structure must be non-centrosymmetric.35 This can be
somewhat intuitive since an electric polarization is the separation of centers of charge, and in a
centrosymmetric arrangement of ions the application of a uniform stress will still result in a
centrosymmetric structure. Thus, polarization is in a centrosymmetric crystal structure.
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Consequently, of the 32 crystal classes there are only 20 in which piezoelectricity is not
symmetrically forbidden.35
While a spontaneous polarization is not required for piezoelectricity, those materials that
have such a polarization tend to have higher piezoelectric coefficients, as can be seen in Table
1.2-I. Ferroelectric materials, whose spontaneous polarization is switchable, tend to have still
higher piezoelectric coefficients. The highest piezoelectric coefficients are those of solid-solutions
of relaxor ferroelectrics. However, due to the complex chemical compositions, solid-solution
relaxor ferroelectrics were not considered for this study. Therefore, PZT is a good choice of PE
phase since the PE coupling is relatively high and the sol-gel synthesis is well established.
Table 1.2-I: A comparison of common piezoelectric materials
Piezoelectric Material Class

d33 (10-12 C/N)

Reference

SiO2

Non-centrosymmetric

2.3

5

AlN

Non-centrosymmetric

5.0

36

ZnO2

Polar

12.4

37

Pb0.55Ca0.45TiO3

Ferroelectric

80

38

(K0.5Na0.5)NbO3

Ferroelectric

148

39

BaTiO3

Ferroelectric

195

40

PZT

Ferroelectric

520

41

PMN-PT*

Relaxor Ferroelectric

1611

42

PZN-PT†

Relaxor Ferroelectric

2500

43

PMN-PIN-PT‡

Relaxor Ferroelectric

2600

44

*

[Pb(Mg1/3Nb2/3)O3]0.70-[PbTiO3]0.30
[Pb(Zn1/3Nb2/3)O3]0.92-[PbTiO3]0.08
‡
[Pb(In1/2Nb1/2)O3]0.20-[Pb(Mg1/3Nb2/3)O3]0.36-[PbTiO3]0.44
†
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Figure 1.2-1: The tetragonal distortion of the perovskite structure. The 12-fold
coordinated A-sites are shown in blue, the octahedral coordinated B-site is shown
in black, and the O2- sites are shown in red.

PZT is a well-known ferroelectric that forms in a perovskite structure (shown in Figure
1.2-1) with the Pb atoms at the A-sites, and the Zr/Ti atoms randomly distributed between the Bsties.45 Zr-rich compositions of PZT are stable in a rhombohedral structure, while Ti-rich
compositions have a tetragonal structure.45 A morphotropic phase boundary (MPB) occurs near
52% Zr and 48% Ti. The polarization direction in the tetragonal structure of PZT is along the [001]
direction, while the polarization of the rhobahedral PZT is along the [111] direction. For
compositions of PZT near the MPB, the application of an electric field can cause the phase
transition between the rhombohedral and tetragonal phase, which results in a large change in
polarization accompanying the structural change.46 Therefore, due to the large PE response, the
52% Zr and 48% Ti composition of PZT will be used in the present work.
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1.2.2 Magnetostriction
Magnetostriction is the ability of a material to deform in the presence of a magnetic field.
For applications such as inductor cores, there has been considerable research efforts to develop
materials that minimize the mechanical strain induced by magnetic fields. 47 However, for other
applications, such as sensors, actuators, and the present ME composites, a large magnetostriction
is advantageous.48
Table 1.2-II: A comparison of various magnetostrictive materials.
Magnetostricitve Material
DyFe5O12

Class
Garnet Oxide

λ (10-6)
1.46

Reference

YFe5O12

Garnet Oxide

-2

40

SmFe5O12

Garnet Oxide

3.3

40

MnFe2O4

Spinel Oxide

-5

40

MgFe2O4

Spinel Oxide

-6

40

Li0.5Fe2.5O4

Spinel Oxide

-8

40

CuFe2O4

Spinel Oxide

-9

40

EuFe5O12

Garnet Oxide

9.48

40

NiFe2O4

Spinel Oxide

-26

40

Fe3O4

Spinel Oxide

40

40

CoFe2O4

Spinel Oxide

-110

40

Metglas*

Metallic Glass

40

49

Galfenol†

Metal Alloy

400

50

Terfenol-D‡

Metal Alloy

2400

50

40

*

A metallic alloy with a proprietary composition containing Fe, B, Si, and C.
Fe81Ga19
‡
Tb0.3Dy0.7Fe2
†
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Figure 1.2-2: The AB2O4 spinel structure. The tetrahedrally coordinated A-sites are
in light blue, the octahedrally coordinated B-sites are in dark blue, and the O2- sites
are in red. Adapted from 276.

The full description of magnetostriction requires a tensor of rank 4, since it relates the strain
in the material to the square of the magnetic field.35 However, practically magnetostriction is
simply defined by the equation:
𝜆=

Δ𝑙
𝑙

,

(1.2-4)

where λ is the magnetostriction coefficient, l is the length of the material being measured, and Δl
is the change in the length at saturation.
For chemical compatibility with PZT, only oxides were considered in this study for the
magnetic phase. Of the magnetic oxide materials, CFO shows one of the largest magnetostrictive
responses (λ = -110*10-6), as can be seen in
Table 1.2-II. Favorable for its use in the present composite study, CFO is known to be
insoluble with other ferroelectric perovskites such as BaTiO3.51,52 CFO forms in a cubic inverse
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spinel structure (as shown in Figure 1.2-2), where the Co2+ ions occupy half of the octahedrally
coordinated B-sites, and the Fe3+ ions are evenly distributed between the remaining B-sites and the
all of the tetrahedrally coordinated A-sites.53 CFO is strongly ferrimagnetic with a Curie
temperature of 798 K.53 The easy axis of magnetization of CFO is in the [100] direction, which is
consequently also the direction of the largest magnetostriction.

Figure 1.2-3: Schematics of possible composite structures. The first number
designates the dimensions of connectivity of the matrix (transparent) and the second
number designates that of the distributed phase (green). From ref. 12.

1.2.3 Magnetoelectric Composite Structures
For devices to be incorporated “on-chip” it is necessary to have a thin-film ME composite
(thin-film here considered to be much less than one micron).12 Due to clamping effects of the
substrate, thin-film composites do not show the resonating behavior seen in the bulk composites.
Nevertheless, large ME coupling strengths can be achieved in thin-film composites by optimizing
the connectivity between the two phases.
In biphasic MEs, distribution of the phases plays a major role as the magnetic materials are
typically more conductive than piezoelectric materials, which can cause leakage currents limiting
the electric polarization.54 There are several schemes on how the two phases of the composite can
be organized. Three common composite structures (as shown in Figure 1.2-3) are: 2-2, 3-1, and 30, where the first number designates the number of continuous dimensions of the majority phase,
and the second number designates the same for the minority phase. According to modeling work
11

Figure 1.2-4: Specific surface area of a particle versus the diameter. This log-log
plot shows the large increase in the specific surface area as the particle diameter is
decreased into the nanometer regime.

done by Nan et al., the 3-1 structure allows for the highest ME coupling.12,55 However, the model
used did not account for leakage currents through the columns of the magnetic phase. The
experimental values of ME coupling in composites of 3-1 structure are small compared to that of
other structures, likely due to the leakage currents.2 2-2 structures, more popular in bulk
composites, were predicted to have the smallest ME coupling by Nan et al. 3-0 composites offer
the opportunity for high ME coupling with low leakage currents. However, this structure is
challenging to fabricate, since agglomerations of the magnetic phase in PE matrix provides a
pathway for the leakage currents.
Modeling studies of 3-0 biphasic ME composites have suggested that high volume
fractions of the magnetic phase are required for high ME coupling.12 However, at high volume
fractions, agglomerations are difficult to avoid.12 Since the ME coupling in these composites is
strain mediated at the interface between the two phases, large ME coupling requires large
interfacial area. By utilizing magnetic nanoparticles large interfacial areas can be achieved at low
12

Figure 1.2-5: An optical micrograph of a BaTiO3-CoFe2O4 composite made by a
unidirectional solidification technique. The dark phase is the perovskite BaTiO3
and the dark phase is the spinel CoFe2O4. From ref. 117.

volume fractions of the magnetic phase. Wan et al. were able to fabricate 3-0 composites of PZT
and CFO (CFO particles ~150 nm), where the synthesis technique used (converting a 2-2 structure
to a 3-0 structure by rapid thermal annealing) provides little control over the size and distribution
of the CFO particles. Furthermore, smaller CFO nanoparticles are desired since specific surface
area scales exponentially with decreasing particle size. Thus, novel biphasic 3-0 magnetoelectric
composite synthesis methods are needed that provide well distributed nanoparticles of the
magnetic phase.

1.3 Single phase
There are only a handful of single phase materials that have been discovered to exhibit
magnetoelectric multiferroic behavior. This scarcity of materials can be thought of as due to the
underlying mechanisms of magnetic and ferroelectric order. In the perovskite ferroelectrics, such
as BaTiO3 and PZT, there is an atomic displacement of the B-site ion which causes the spontaneous
switchable polarization. This displacement of the B-site ions is due to the hybridization between
the empty d-orbitals of the transition metal and the fully occupied p-orbitals of the O2- ion. This so
13

called d0-ness is in direct conflict with the mechanism for magnetic order. In the transition metals
the magnetic moments arise from the unpaired spins of in the partially filled d-orbitals. Therefore
in order for ME MF behavior in a single phase material, an unconventional ferroelectric
mechanism is required.
In type II ME MFs the magnetic order causes the ferroelectricity. As such the order
parameters of the magnetism and ferroelectricity are intrinsically coupled.

1.3.1 Type I
Cr2O3 was the first ME material discovered in 1960.56–58 The ME MFs that have since been
discovered can be broadly classified into two types.59 In type I ME MFs the mechanism of
ferroelectricity is not related to that of the magnetic order. The single phase type I ME MFs follow
the red pathway of Figure 1.1-1. In these materials the magnetic order is caused by the un-paired
spins in the partially filled d-orbitals of a transition metal. Interactions, such as lone pair and
geometric frustrations, involving the non-magnetic ions cause the polar distortions. In BiFeO3 and
BiMnO3 the polar distortion is caused by the interaction with the lone-pair from the Bi3+ ion.13 In
such lone-pair ferroelectrics, the B-site transition metal (Fe3+ or Mn3+ in this case) can then
additionally cause the magnetic order. In the so called geometric ferroelectrics the magnetic ions
as also not involved in the ferroelectric distortion. This is possible in materials that have crystal
structures other than the more common perovskite structure, for example the hexagonal
manganites. In h-YMnO3 the small radius of the 7-fold coordinated Y3+ ion causes a rotation of
the rigid MnO5 polyhedra, which in turn causes dipole moments from the Y-O pairs.13
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Alternatively the charge ordering of a multivalent ion (that may also be magnetic) could cause uneven distribution of bond lengths and thus a polarization. In LuFe2O4, the ordering of the mixed
valence states of the Fe ions which have inequivalent bond lengths causes an ordered array of
dipole moments.60 Although, in the case of charge ordered LuFe2O4, the same atomic species is
involved in both ordering processes, it is still classified as a type I ME MF. This is because the
charge of the Fe ions causes the ferroelectric order, while the spin cases the magnetic order. The
polarization and magnetization in type I ME MFs are then coupled indirectly. This indirect
interaction of the magnetization and polarization results in a non-linear ME coupling. Because the
magnetism and ferroelectricity arise from separate mechanisms, ME coupling in type I ME MFs
is typically weak, but it has been observed at room temperature in many cases.

1.3.2 Type II
The most direct path to ME coupling is that of the type II ME MFs, shown in green in Figure
1.1-1. In these materials the particular arrangement of spins causes the ferroelectric order. The two
order parameters are therefore intrinsically coupled. These type II ME MFs exhibit a linear ME
coupling coefficient. A hallmark of type II ME MFs is concurrent ferroelectric and magnetic
ordering transitions. It is worth noting that in the discussion of the symmetry requirements for
electric polarization in a material in Section 1.2.1, only the ionic symmetry was considered. The
space group of the canonical type II ME MF TbMnO3, Pbnm, is centrosymmetric. Polarization in
this material is made possible by the fact that the spiral spin ordering of the Mn3+ spins breaks the
inversion symmetry. Therefore electric polarization in the magnetically ordered state of TbMnO3
is symmetrically allowed.61 The mechanism by which the magnetic order causes the
ferroelectricity has been the subject of some research. It is known that by relativistic
electrodynamics, a moving magnetic particle is equivalent to stationary electric polarization.62 An
15

early theory of ferroelectricity arising from non-collinear magnetic order was that spin currents in
the material could cause the polarization which could be enhanced by spin-orbit interactions.63–65
Later work suggests that the particular magnetic order, governed by the magnetic exchange
interactions, could cause small ionic displacements which are then responsible for the electric
polarization.66 Several theoretical studies found that the accounting for the spin current, the spinorbit induced polarization, and ionic displacements provided a better approximation of the
experimentally observed polarization in TbMnO3.67–69 However, the model used was insufficient
to fully describe the polarization owing to the constraint of only considering nearest neighbor
spins.
Other materials, such as TbMn2O5, that exhibit type II ME MF behavior have been
discovered which have different magnetic structures.59 Of the type II ME MFs (and in fact the all
single phase ME MFs) that have been discovered, all a predominantly antiferromagnetic albeit
with some canting.
Most type II ME MFs only display such ME coupling at low temperatures (< 40 K). 15
Therefore one obvious approach to strong ME coupling at room temperature is to seek new type
II ME MFs that have magnetic transitions at higher temperature. Recently the rare-earth chromites,
which have magnetic transitions between 110 K and 230 K,70 have been proposed as type II ME
MFs.71,72 However, the mechanism the causes the polarization is not well known. It is therefore a
major goal of this work to study the magnetic properties of the rare-earth chromites and how they
relate to the electronic behavior. Understanding the underlying physics in the rare-earth chromites
may guide the search for ME MF materials that can be used at the technologically relevant
temperatures.
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1.3.3 Magnetic Exchange Interactions
The magnetic exchange interactions, which dictate the magnetic structure, are of particular
interest for type II ME MFs. In contrast to metals, in the magnetic oxides the transition metal ions
are too far apart for the direct exchange mechanism to be dominant.73 The superexchange
mechanism, whereby electrons (and therefore spins) are transferred through an intermediate
oxygen ion, is prevalent in magnetic oxides. The Hamiltonian of the isotropic component of the
superexchange interaction is given by the equation:
⃗⃗⃗1 ⋅ ⃗⃗⃗
ℋ = 𝐽(𝑆
𝑆2 )

(1.3-1)

where ℋ is the Hamiltonian, J is the superexchange coefficient, and 𝑆 is the spin. The strength of
the isotropic superexchange interaction is determined by the dot-product between nearest neighbor
spins and the strength of J. The sign of J is determined by the empirical Goodenough-Kanamori
rules which state that for 90° bond angles J is positive and ferromagnetic, whereas 180° bond
angles J is negative and antiferromagnetic.73 In addition to the isotropic component, there is also
an antisymmetric anisotropic component to the superexchange interaction known as the
Dzyoshinskii-Moryia interaction (DMI). This DMI is governed by the equation:
⃗⃗⃗1 × ⃗⃗⃗
⃗ ⋅ (𝑆
ℋ=𝐷
𝑆2 )

(1.3-2)

⃗ is the DMI vector. Because the strength of the DMI depends on the cross product
where 𝐷
between nearest neighbor spins, it is highly anisotropic. The DMI was developed theoretically by
Moryia based on experimental work by Dzyoshinskii in order to explain the canting of the
antiferromagnetic structure observed in Fe2O3.74,75 The DMI is now known to be a significant
factor in determining the magnetic structure of many canted antiferromagnetic systems, including
those of many type II ME MFs.59,76–80 For completeness in the discussion of magnetic exchange
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interactions, there is also a double exchange interaction that requires magnetic ions with different
valence states, Mn3+ and Mn4+ for example.73
These exchange interactions have been shown to be critical in governing the ferroelectricity
in Type II ME MFs. The DMI is a significant factor that leads to the spiral spin ordering in
TbMnO3.15 Recent theoretical work has determined that a spin current develops between two
noncolinear spins that are coupled by the exchange interaction.80 This spin current causes the
polarization whose strength is governed by the spin-orbit interaction. In a helical magnetic
structure this spin current manifests as a macroscopic polarization, irrespective of the magnetic
spiral wave vector. If the atomic positions of the structure are allowed to relax, accounting for
these effects, a displacement of the intermediate O2- ions can further enhance the polarization. This
mechanism for spin driven ferroelectricity is therefor known as the inverse DMI. Additionally, the
isotropic exchange interactions can lead to a spin driven polarization. This is the case for the
electric polarization in the orthorhombic structures of RMnO3 (R = Ho, Er, Tm, Yb, or Lu) in the
E-type antiferromagnetic phase.80 In these materials the Mn-O-Mn bond angles are ~145°, which
results in highly non-linear chains. The symmetric exchange interactions then cause the
displacement of the O2- ions, and the consequently large polarization, by the exchange striction
mechanism.80 The spin induced polarization caused by this exchange striction mechanism is also
observed in RMn2O5 (R = Y, Tb, Ho, Er, or Tm). Lastly, a third mechanism for spin induced
ferroelectricity exists that only requires a single magnetic ion. In this mechanism the polarization
is caused by dependence of hybridization of the magnetic d-orbitals with the p-orbitals of O2- on
the direction of the magnetic moment. The local polarizations caused by this mechanism can add
to a macroscopic polarization when the inversion symmetry is broken either by the atomic, or
magnetic structure.80 Such a mechanism has been proposed to explain the polarization observed
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for spin-spiral of centrosymmetric CuFeO2 as well as in the antiferromagnetic, but noncentrosymmetric Ba2CoGeO7.80 These mechanisms all strongly depend (directly or indirectly) on
the nature of the magnetic exchange interactions in the material.

1.3.4 Applications of Single Phase Magnetoelectric Multiferroics
Due to their ability to control the magnetization with electric fields, there are a wide variety
of applications for single phase ME MFs in the field of spintronics. This includes novel low power
ME RAM devices, 8-state logic devices, low power logic gates, and re-programmable logic gate
architectures.11,30,32,81 The main material requirement for the ME material in these devices is that
they should exhibit strong ME coupling at room temperature. While there are some Type I ME
MFs, like BiFeO3, which are ME MF at room temperature the ME coupling tends to be weak. 15
Because the order parameters are independent, the weak ME coupling in Type I ME MFs is
typically mediated through a secondary effect, such as the coupling of each to the phonon modes
in the material.82 Conversely, the ME coupling in Type II ME MFs is thought to be high due to the
intrinsic relation between the two order parameters. However, of the Type II ME MFs discovered

Figure 1.3-1: The distorted perovskite atomic structure of DyCrO3 with the space
group Pbnm. The blue, green, and red, spheres are the Dy3+, Cr3+, and O2- ions.
Adapted from ref. 204.
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so far, few are ME MF above 40 K. There does not seem to be any physical reason that should
limit the maximum temperature at which Type II ME MF behavior could be observed. Therefore
one route to achieving the material requirements for applications of single phase ME MFs is to
seek new Type II ME MFs with higher ME ordering temperatures. The work presented herein
pursues this path toward a technologically viable ME MF material.

1.3.5 Rare-Earth Chromites
The rare-earth chromites (RCrO3) are good potential candidates for Type II ME MF
behavior at higher temperatures. In each of the RCrO3 materials (which have a distorted perovskite
structure with the space group Pbnm, Figure 1.3-1), the Cr3+ sublattice magnetically orders in a Gtype antiferromagnetic order (wherein nearest neighbor Cr3+ spins are antiferromagnetically
ordered, Figure 1.3-2c). This magnetic order sets in at temperatures between 110 K to 230 K,70
depending on the radius of the rare-earth ion.83 Rajeswaran et al. reported peaks in the pyroelectric
current, signifying the onset of spontaneous electric polarization, at the magnetic transition
temperatures of RCrO3 for R = Sm, Gd, Tb, Er, and Tm.71 Similarly, Ghosh et al. report an electric
polarization at the magnetic transition temperature of HoCrO3.72 The coincidence of the magnetic

Figure 1.3-2: Various antiferromagnetic structures. (a) opposed planes of spins Atype, (b) opposed columns of spins C-type, (c) nearest-neighbor opposed spins Gtype, (d) zig-zag opposed spins E-type. Adapted from ref. 277.
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and ferroelectric transitions suggest Type II ME MF behavior. This is further corroborated by the
observance that the electric polarization is extinguished below a spin-reorientation transition in
SmCrO3 and ErCrO3.71 However, based on the symmetry of the space group and magnetic order,
Yamaguchi et al. claim that linear ME coupling is forbidden in the rare-earth chromites.84 One
suggestion is that small atomic distortions, possibly due to the magnetic ordering, could lower the
symmetry in these RCrO3 materials allowing for ME coupling.72,85,86 Conflictingly, there are a few
earlier reports (which do not agree with each other) that claim spontaneous polarization at much
higher temperatures, 446 K to 586 K.87,88 Clearly, the nature of ferroelectricity and its relation to
the magnetic order in the RCrO3 is not well understood. Since the ferroelectricy in these materials
may be caused by the magnetic order, it is important to have a thorough understanding of the
magnetic properties of these materials. It is therefore the goal of this work to improve the
understanding of the magnetic properties and their relation to the electrical properties in the RCrO3
system.
DyCrO3 (DCO) was chosen as the parent compound for the work presented here, since the
large magnetic moment of the Dy3+ ion (10.65 μB, highest of all the trivalent rare-earth ions)73 will
help facilitate the study of its magnetic properties. DCO forms in an orthorhombially distorted
perovskite structure with the space group Pbnm (or equivalently Pnma by a change of indexes).89
The Cr3+ sublattice orders at 146 K in a G-type antiferromagnetic structure with the moments along
the c-axis and a slight canting toward the x-axis.70 The canting of the antiferromagnetic structure,
which provides a net ferromagnetic-like behavior, is thought to be due to the DMI.90,91 The Dy3+
ion is thought to co-align to the net moment from the Cr3+ sublattice.70 The Dy3+ sublattice
magnetically orders at ~2.16 K.92
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1.3.6 Magnetocaloric Effect
Due to the complex magnetic interactions within and between the magnetic sublattices the
rare earth chromites have multiple magnetic transitions. As was mentioned earlier, the Cr3+
sublattice magnetically orders between 110 K to 230 K,70 depending on the radius of the rare-earth
ion.83 A strong antisymmetric (DM) exchange interaction between the rare-earth and Cr3+
sublattices can cause a spin reorientation transition at lower temperatures,78 as is the case for
NdCrO3 and ErCrO3.70 The rare-earth sublattice magnetically orders at still lower temperatures,
<10 K.70,83 Because of the large magnetic moments of the trivalent rare-earth ions,73 especially in
the case of DyCrO3, the rare-earth ordering transitions are expected to exhibit a large
magnetocaloric response.93 The magnetocaloric effect is the change in entropy with applied
magnetic field. This effect is largest at magnetic phase transitions (especially those involving large
magnetic moments) because of the rapid change in magnetization with temperature. The

Figure 1.3-3: The magnetocaloric thermodynamic cycle. As the magnetic material
is removed from the magnetic field in thermal contact with the heat load, it absorbs
heat to destroy the magnetic order. The magnetocaloric material is then removed
from the thermal contact with the heat load and the magnetic field is applied. The
now warm magnetocaloric material is then cooled by the thermal contact with the
heat sink, and the cycle repeats. Adapted from ref. 278.
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magnetocaloric effect can therefore be used to provide information on the magnetic phase
transitions caused by the various magnetic exchange interactions in the rare-earth chromites, like
DyCrO3.
By utilizing the entropy change due to the magnetocaloric effect, magnetic materials can
used in refrigeration devices. A magnetic refrigerator works by using the thermodynamic cycle
shown in Figure 1.3-3. The magnetocaloric effect is technologically important not only near room
temperature (where it can be used to make more efficient devices and replace harmful greenhouse
gasses), but also at temperatures below ~30 K (where it can replace the increasingly expensive Hebased refrigeration). DyCrO3 is well suited for use as a magnetic refrigerant at this low temperature
regime due to the ordering of the large magnetic moments of the Dy3+ ion at 2.16 K. Furthermore
potential of DyCrO3 as a type II ME MF is advantageous for use of the multicaloric effect. The
magnetocaloric entropy change in ME MF materials can be enhanced or controlled by additionally
coupling to electric fields.94

1.4 Contents of this Dissertation
This work will explore will address the challenge of high ME coupling at room
temperature, using two approaches. Many of the experimental techniques are common to both
approaches. For example, sol-gel based synthesis will be used for its chemical as well as structural
versatility. An in depth discussion of the experimental techniques used will be provided in Chapter
2. In Chapter 3 novel synthesis methods of ME composites are developed. These synthesis
techniques provide unique control over the phase distribution in the composites so as to mitigate
the leakage current and therefore achieve high ME coupling. The search for new single phase ME
MFs will be furthered in Chapter 4 by characterizing the rare-earth chromites, potential type II
materials that show potential ME behavior at higher temperatures. The primary goal of this work
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is to improve the understanding of the materials and methods that may lead to high ME coupling
at room temperature for use in future device applications.
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Chapter 2

Experimental Techniques

2.1 Wet Chemistry Synthesis
The flexibility of wet chemistry synthesis is ideal for sample synthesis for the studies in
this work. In these techniques metal ion salts are dissolved in a common solvent and mixed in the
stoichiometric ratios. Because the samples are synthesized directly from these solutions, wet
chemistry techniques can easily access the majority of periodic table. Compared to other
techniques, the sample stoichiometry from wet chemistry techniques can be easily changed.
Wet chemistry techniques are also versatile in terms of the form of the sample. Bulk
powders, nanoparticles, thin-films, nanofibers, and nanorods, can all be synthesized from the same
solution with slight adjustments. This work covers bulk powder, thin-film, and nanoparticle
synthesis. The simplest form of the material to synthesize is bulk powder. To make bulk powders,
a chelating agent is added to the precursor solution of dissolved metal salts. This chelating agent
is typically a large organic molecule. The metal ions of the precursor solution can then bind to the
organic molecule. The chelating agent helps to stabilize the distribution of the metal ions and aids
in the densification of the final product during the later heating steps.95–97 The solution is then
heated to evaporate the solvent. Further heating of the precursor decomposes the anions and
pyrolyzes the remaining organic components. During these processes any atomic species that
oxidize to form gasses (such as C, and N) are vented to the fume hood. The metal ions remain after
oxidation, forming the desired oxide products. The annealing temperature and atmosphere must
be chosen carefully to form the desired phase and avoid phase separation.
In the synthesis of thin-films the interaction with the surface of the substrate must also be
considered. It is critical that the solution wets the substrate, spreading out over all the areas of the
film. For this reason, water was not used as a solvent in this work. The substrates are chosen based
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on their relation to the material of the thin film as well as the desired test. Single crystal substrates
can impose a strain on the thin film due to a mismatch of the lattice parameters. Conductive
substrates, such as Pt/TiO2/SiO2/Si (platinized silicon), are needed for electrical measurements
through the thickness of the film. The solvent and, more importantly, the precursor solution must
be able to wet the desired substrate.
In this work spin coating was used to synthesize the thin films. In this technique a drop of
the solution wets the substrate. Then, held by a vacuum chuck, the substrate is spun at several
thousand revolutions per minute. The spinning removes the excess solution, leaving a large area
of uniform thickness. The substrate is then heated to pyrolysis, as mentioned in the bulk powder
synthesis. Several coatings can be applied in this manner, after which the substrate and film is
annealed. The thickness of the films depends on the concentration of the precursor solution, the
speed of the rotation during spinning, and of course the number of coatings.
The synthesis of nanoparticles, although still a wet chemistry technique, is fundamentally
different than the bulk powder and thin film synthesis discussed above. In this technique the metal
ion salts are dissolved in a mutually compatible solvent, typically water, and mixed in the molar
ratio of the desired material. Raising the pH by adding highly concentrated NaOH, causes the coprecipitation of the metal ions, forming the complex oxide nanoparticles. The size of the
nanoparticles can be controlled by the concentration of the NaOH solution.98,99

2.2 Diffraction Techniques
Once the materials have been synthesized, their structures must be confirmed. X-ray
diffraction (XRD) is an important method of determining the atomic arrangement of atoms in the
material. Incident x-ray light diffracts off of the planes of atoms in the material. If the incident
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angle and spacing between the planes of atoms (d-spacing) is such that the path length is an integer
number of wavelengths, constructive interference occurs between the x-rays interacting with top
most plane of atoms and the subsequent planes below. This is described by Bragg’s law:
𝑛𝜆 = 2𝑑 sin 𝜃

(2.1)

where n is an integer, λ is the wavelength, d is the spacing between planes of atoms, and θ is the
incident angle of the x-ray with respect to the planes of atoms. A common source of x-rays is the
Cu-Kα radiation (Kα1 = 1.5405 Å, Kα2 = 1.5443 Å), caused by the transitions between the 1s and
2p orbitals in Cu.100 The diffractometers used in this work, Bruker D5005 and D8 Advance, use
the Bragg-Brentano geometry wherein the angle between the incident beam and the sample (θ),
and the angle between the incident beam and the detector (2θ) are simultaneously scanned. This
allows for the collection of diffraction data for all values of θ. The incident x-rays can be defined
by a vector K, and the diffracted beam by the vector K’. The diffraction vector can then be defined
by:
𝑮 = Δ𝑲 = 𝑲′ − 𝑲

(2.2)

where G is the diffraction vector. Since in the Bragg-Brentano geometry data is collected from
only a single value of G, only a single plane of atoms, such as the (00l), in a single crystal sample
will meet the diffraction conditions. However in the case of powder samples, the orientation of the
crystallites with respect to the measured G is randomly distributed; therefore diffraction data will
be collected from all of the atomic planes.

27

The d-spacings as determined from the diffraction measurements using Equation 2.1 can
be related to the lattice parameters of the crystal structure. For the generalized triclinic structure
the d-spacing is defined by:34
1
𝑆11 ℎ2 + 𝑆22 𝑘 2 + 𝑆33 𝑙 2 + 2𝑆12 ℎ𝑘 + 2𝑆23 𝑘𝑙 + 2𝑆13 ℎ𝑙
=
𝑑2
𝑉2

(2.3)

where:

𝑉 = 𝑎𝑏𝑐√1 − 𝑐𝑜𝑠 2 𝛼 − 𝑐𝑜𝑠 2 𝛽 − 𝑐𝑜𝑠 2 𝛾
𝑆11 = 𝑏 2 𝑐 2 sin2 𝛼
𝑆22 = 𝑎2 𝑐 2 sin2 𝛽
𝑆33 = 𝑎2 𝑏 2 sin2 𝛾
𝑆12 = 𝑎𝑏𝑐 2 (cos 𝛼 cos 𝛽 − cos 𝛾)
𝑆12 = 𝑎2 𝑏𝑐(cos 𝛽 cos 𝛾 − cos 𝛼)
𝑆12 = 𝑎𝑏 2 𝑐(cos 𝛾 cos 𝛼 − cos 𝛽)
and h, k, and l are the Miller indices, V is the volume of the unit cell, and a, b, c, α, β, and γ are
the lattice parameter of the unit cell. Equation 2.3 drastically simplifies for the case of higher
symmetry crystal structures such as orthorhombic and cubic structures.
For atomic planes in a crystal, satisfying the Bragg condition (Equation 2.1) is insufficient
to determine the intensity of the diffracted beam. The arrangement of atoms (scattering centers) in
the unit cell must also be considered. Destructive interference can occur in crystals for example in
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a cubic structure with an atomic plane at the faces and center of the unit cell. In this case the
diffracted wave off of the (001) and (002) planes are out of phase with each other and therefore
cancel.34 Consequently, despite both planes meeting the Bragg condition for diffraction, the
diffracted intensity for these two peaks is zero in this structure. A similar effect can occur in single
atoms. Diffracted light off of different orbitals in the atom can destructively interfere. These two
considerations are largely what determine the structure factor for diffracted waves. The structure
factor is given as:34
𝐹ℎ𝑘𝑙 = ∑𝑁
𝑗=1 𝑓𝑗 (

sin(𝜃ℎ𝑘𝑙 )
𝜆

) 𝑒 2𝜋𝑖(ℎ𝑥𝑗+𝑘𝑦𝑗+𝑙𝑧𝑗)

(2.4)

where F is the structure factor, N is the number of atoms in the unit cell, (hkl) are the Miller indices
of the plane, θ is the Bragg angle, λ is the wavelength of the x-rays, and x, y, and z are the fractional
distances of along the unit cell parameters a, b, and c, respectively, for the position of atom j. The
diffracted intensity for a given plane is determined by:34

Figure 2.2-1: A comparison of the interaction cross-sections of several atoms for
both x-rays (green) and neutrons (red). From ref. 101.
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∗
𝐼ℎ𝑘𝑙 = 𝐹ℎ𝑘𝑙 𝐹ℎ𝑘𝑙

(2.5)

where I is the diffracted intensity, and * indicates the complex conjugate.
Neutron beams can also be used for diffraction measurements. X-rays, being photons,
primarily interact with the electronic orbitals of the material. Neutrons, however, interact with the
nucleus of the atoms in the material. Therefore the interaction cross-section for neutrons is much
different than that of x-rays. This allows for diffraction information from low atomic number (Z)
elements that do not interact strongly with x-rays, but do with neutrons, as can be seen in Figure
2.2-1.101 Of greater relevance to this work is the fact that neutrons have a magnetic moment and
can therefore interact with magnetic structure of the material. As a consequence of the anisotropy
of the dipole-dipole interaction between the magnetic moment of the incident neutron and that of
the atomic magnetic moment, magnetic neutron diffraction only provides information on the
projection of the magnetic moment onto the plane perpendicular to G.102 However, similar to the
case of x-rays, the random distribution of crystallite orientations with respect to the scattering
vector for the case of a powder sample allows for the collection of magnetic diffraction data for
the entire material. Practically, in neutron diffraction experiments the magnetic diffraction
information manifests as additional diffraction peaks, or modifications to the intensity of the peaks
in the structural diffraction pattern. The neutron diffraction experiments in this work were
performed on the HB2A beamline at the High Flux Isotope Reactor at Oak Ridge National
Laboratory.
While the atomic and magnetic structure of the material can be determined from the
analysis of cleverly selected diffraction peaks using Equation 2.3, a more robust method is to use
Rietveld refinement. This method simulates the diffraction experiments for a given set of initial
parameters such as the lattice parameters and Wyckoff positions. The parameters are then
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iteratively refined such that the simulated diffraction pattern more closely matches that of the
experimental data. This is accomplished through the use of software packages such as the FullProf
Suite.103
The magnetic structure of a material is fundamentally more complex than the atomic
structure since the magnetic moments are vector quantities. Ferromagnetism is the co-alignment
of all of the atomistic magnetic moments along the same direction. In antiferromagnetism the
magnet moments are arranged in opposite directions such that the net magnetic moment is zero.
Further more complicated arrangements such as ferrimagnetism, canted-antiferromagnetism, and
cycloidal spin structures can also occur. To simplify the discussion of magnetic structures let us
introduce the magnetic propagation vector, k. The periodicity of the magnetic structure may not
necessarily be commensurate with the lattice parameters of the unit cell. The components of k are
fractional multiples of the reciprocal space vectors that describe the periodicity of the magnetic
structure.104 For each of the 230 possible atomic space groups there are infinitely many magnetic
structures, since there are infinitely many possible k vectors. However, for a given k vector and
space group there are only a finite set of symmetrically allowable magnetic structures.
Representational analysis allows for the construction of irreducible representations of the magnetic
structures.104 Linear combinations of these irreducible representations can construct all of the
possible magnetic structures for that space group and k vector. Such representational analysis can
be performed by software packages such as SARAh.105 The candidate magnetic structures as
determined by the representational analysis can then be applied to the Rietveld refinement model.
This allows for the determination of the strength of the atomistic magnetic moments and their
arrangement in the magnetic structure.
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2.3 Raman Spectroscopy
Raman spectroscopy is a complimentary method to XRD of determining the atomic
structure. While XRD is sensitive to the distances between planes of atoms in the material, Raman
spectroscopy provides information on the phonon modes. Most of the light reflected off of a
material is elastically, Rayleigh scattered. Raman scattering is an inelastic scattering event. The
incident light excites the material to higher energy vibrational state, which then radiatetively
decays to a lower energy vibrational state that is different than the initial. This manifests as an
increase (or decrease) in the wavelength of the light corresponding to the energy absorbed (or
emitted) by the phonon mode. The Raman spectroscopy performed in this work on the Renishaw
System 2000 spectrometer uses 514 nm laser light as the incident beam. The light reflected off of
the sample is then collected and the 514 nm light is blocked and the detector uses a diffraction
grating and CCD detector to determine the wavelengths of the remaining light. The Raman spectra
of the material is then the difference between the energies of the incident beam and the Raman
scattered light. This is a unique map of the energies of the phonon modes of the material and can
therefore be used as a fingerprint to determine the structure of the material by comparison to known
samples.

2.4 Electron Microscopy
Owing to the small wavelengths of electrons, electron microscopy is an appropriate method
of analyzing the microstructure of the synthesized materials. Scanning electron microscopy (SEM)
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Figure 2.4-1: A diagram of the interaction volume of an electron beam with a
material. This shows the relative depth and spot sizes for the different signals
created from the interaction with the electron beam. From ref. 274.

uses a focused electron beam that is rastered across the sample. The impinging electron beam
causes the emission of several different kinds of particles. Some electrons are backscattered from
the atoms in the material without losing much of their energy. The electron beam can also excite
core electrons of the atoms of the material which then emit x-rays as decay back to lower energy
levels. Inelastic collisions of the electron beam with the material can excite the electrons of the
material to escape.106 These so called secondary electrons are lower in energy than backscattered
electrons and are the primary source of SEM images. It is worth noting however that the
backscattered electrons, x-rays, as well as many other particles from the electron beam excitation
can also be used to create images. Due to the low energy of the secondary electrons, they can only
be emitted from the sample without being otherwise absorbed from the first few nanometers from
the surface of the material,106 as can be seen in Figure 2.4-1. With such a shallow interaction
volume, the secondary electrons that form the SEM intensity provide a good means of studying
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the surface of the material. The JEOL JSM-6335F microscopes used in this work are capable of
1.5 nm resolution.
For higher resolution images transmission electron microscopy (TEM) can be used. A
conventional TEM uses the same principles as an optical microscope to generate the images, where
as a scanning TEM (STEM) operates much like a SEM. These techniques require samples that
are only a few nanometers thick, such that they are electrically transparent. While the resolution is
limited by the diameter of the interaction volume in an SEM,107 the resolution in a TEM is limited
by the smallest focus size of the beam (the inelastic interactions of the electron beam with sample
does, however, cause a thickness dependent chromatic aberration which can limit the focus
size).108 In order to meet the necessary thinness, special sample preparation techniques are required
for TEM samples. In this work focused ion beam (FIB) milling in the FEI Strata 400S Dualbeam
FIB to prepare TEM samples. This instrument has an electron beam for imaging as an SEM and
focused beam of Ga ions that can be used for either imaging or, at higher accelerating voltages,
milling. A crucial first step before FIB milling is to coat the sample with a protective metal layer.
This can be done by sputter depositing a few nanometers of Au or Pt outside of the microscope.
This coating helps prevent accidental ion milling when the ion beam is first turned on or during
the focusing of the ion beam. Once the sample is installed in the microscope a thick layer of Pt is
deposited over the area of interest using the electron or ion beam interaction with C9H16Pt gas that
is released in the chamber. This layer of Pt, up to a micron thick, helps ensure that the top surface
of the film is not damaged during the ion milling. At the area of interest two large rectangular
features are milled ~20 microns long, ~5 microns wide, and ~5 microns deep. The two rectangular
features are separated by a thin wall only a few nanometers thick. The Pt-gas deposition is then
used to weld the thin wall of the sample to a micro-manipulator and the edges of the wall are milled
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free. The sample is then transferred to a TEM sample holder where the final milling, to electron
transparent thickness, is performed.
In addition to high resolution imaging the STEM at Oak Ridge National Laboratory,
operated by Dr. Claudia Cantoni, is also equipped for electron energy loss spectroscopy (EELS).
Mapping of the EELS spectra to the position of the beam in the raster pattern provides a detailed
image of the distribution of the atomic number of the atoms in the sample. The main signal in
EELS used for the determination of the type of atom is due to the inelastic scattering of the electron
beam as it excites the core electrons.108 The interactions with different atoms can be distinguished
by the characteristic energy loss (of the transmitted electrons as they travel through the
specimen).108 This a similar technique to energy dispersive x-ray spectroscopy (EDX) which
analyzes the x-rays resulting from the same interaction. EDX is another technique that is also
commonly used for chemical mapping in STEMs and SEMs.

2.5 Scanning Probe Microscopy
Electron microscopy requires that the samples be either electrically transparent or
conductive. In contrast, most scanning probe microscopy techniques do not have such restrictions
and offer a wide variety of properties that can be measured. For topography and other mechanical
property mapping atomic force microscopy (AFM) can provide high resolution images. AFM
images are created by rastering a cantilever with a sharp tip (typically made of Si) over the surface
of the sample. The deflection of the cantilever is measured by reflecting a laser off of the cantilever
to a photodetector. AFMs, like the Asylum Research MFP-3d used in this work, are typically
operated in a constant-deflection setting using a feed-back loop to adjust the height of the scan
head holding the cantilever during the scan. This mode of operation helps prevent damaging the
tip or the sample during the scan. There are two common modes of operation for topography
35

images in an AFM, contact mode and AC mode. In contact mode the tip of the cantilever is pressed
into the sample to the desired deflection then scanned over the area of interest. In AC mode the
cantilever is vibrated at its resonant frequency then brought into proximity of the sample and
scanned. AC mode accesses a wider range of the van-der-Waals interaction between the tip and
the sample. This can provide more information about the sample through the contrast in the images
created from the height, amplitude, and phase signals.
AFM is a platform from which many other microscopy techniques have been developed.
By using a magnetic CoPt coating on the tip and cantilever, magnetic force microscopy (MFM)
provides images of magnetic properties of the sample. In this technique a topography scan is first
performed as in the conventional AC imaging mode. Then the scan head is raised to a set nap
height (~50 nm) and the topography is retraced. The interactions due to the long range magnetic
forces can be manifested as changes to the resonant frequency of the cantilever. Thus an image is
created of the magnetic contrast in the sample.
Piezoresponse force microscopy (PFM) uses a conductive cantilever and tip in contact with
the sample to apply an AC voltage to the sample. Because of the applied voltage, any piezoelectric
response of the sample will cause a deflection of the cantilever. Furthermore the direction of the
polarization in a ferroelectric material can be determined from this piezoelectric response. In the
out-of-plane direction the piezoelectric response of oppositely poled domains will have a 180°
phase shift which can be compared to the sign of the applied AC voltage to determine the vertical
component of the polarization.109 The lateral component of the polarization can be determined by
the lateral deflection of the cantilever during the scan. From an out-of-plane and two in-plane (with
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Figure 2.5-1: A diagram depicting how the vertical component of the polarization
can be determined by the electromechanical response of the sample to the applied
voltage (Vac) using the piezoresponse force microscopy technique. From ref. 275.

orthogonal scan directions) PFM images the full polarization vector of a ferroelectric sample can
be determined.109,110

2.6 Physical Property Measurement System
The physical property measurement system (PPMS) by Quantum design is an important
tool that was used extensively throughout the work in this dissertation. The PPMS has a sample
chamber that is capable of temperatures between 1.8 K and 400 K and magnetic fields of up to 9
T. This is achieved by a large Dewar of liquid He a 4 K. The liquid He is used to cool the
superconducting magnets below their transition temperatures. The temperature control is managed
by a small heater that can heat the He in the immediate vicinity of the sample. Temperatures below
4 K are possible by conventional refrigeration cycle on the liquid He at the cold head of the
cryostat. The He is in a closed loop system, and He that boils out of the Dewar is captured and recondensed by the EverCool circulation system. Some He is inevitably lost to the sample chamber
during purging operations and through the seals and ports in the manifold of the closed loop
system. The He level is therefore supplemented by a supply of ultra-high purity He gas.
37

The PPMS sample chamber is accompanied by a large power source used to control the
magnetic field in the superconducting magnet. In the persistent mode of the magnetic there is a
superconducting element that connects either ends of the superconducting magnetic coil. As long
as the temperature of both the coil and the connecting element is maintained below the
superconducting transition temperature, the magnetic field in the coil will remain constant. In order
to charge and discharge the magnet a small heater is used to heat the connecting element above
the superconducting transition temperature. This heated section of superconductor is called the
persistent switch. Current from the power source can then be applied to the coil, which can be
made persistent by cooling the connecting element (closing the persistent switch). The PPMS has
no direct magnetic field sensor, therefore the magnetic field in the coil is determined by the current
applied by the power source.111 Because the material of the coil is a type II superconductor, the
coil can have magnetic flux pinning sites that can drift during charging and discharging. 111,112
These flux pinning sites can drift into the center of the coil, manifesting as a slight change to
current in the coil. To mitigate the effect of the drift of these flux pinning sites a standard procedure
of discharging the magnet was developed. Note that this procedure is important for the discharge
of the magnet in order to get an accurate value of zero magnetic field, whereas at high magnetic
fields the drift of the flux sites is insignificant. The magnetic is first set to 2 T. Then the field in
the magnet is oscillated to zero in 8 cycles of decreasing amplitude. This oscillation about zero
field helps eliminate any remnant magnetization in the coil. Using a Gd2O3 sample, which as a
very linear magnetization versus magnetic field response at all relevant temperatures, 113 the
magnetic field in the chamber after the oscillation was determined. This was found to have a
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Figure 2.6-1: The coil-set for the vibrating sample magnetometer (VSM) for the
Physical Property Measurement System (PPMS) by Quantum Design. The bore of
the sample chamber (B) is 6.33 mm; the coil thickness (T) is 1.78 mm; the coil
spacing (S) is 7.11 mm; the coil inner diameter (I.D.) is 7.73 mm; the coil outer
diameter (O.D.) is 13.7 mm; the height above the puck surface (H) is 40.1 mm.
From ref. 114.

repeatable field of -2 Oe when the chamber was set to 0 Oe. Therefore a 2 Oe offset field was set
in the magnet, and a field value of 0 Oe was confirmed by magnetization measurements of the
standard Gd2O3 sample.
There are many attachments that can be used with the PPMS to measure many different
physical properties. The vibrating sample magnetometer (VSM) was used in this work for DC
magnetization measurements. A small pick-up coil is installed in the PPMS sample chamber. The
sample is then suspended from a linear motor into the pick-up coil. The linear motor vibrates the
sample in and out of the coil. Magnetization of the sample can then induce a current in the pick39

up coil by Faraday induction. Knowing the speed of the oscillation of the sample and the current
measured in the pick-up coil the magnetization of the sample can be determined. In the VSM coilset the measurement is performed by two independent, counter-wound pick-up coils. A lock-in
amplifier is then used for the detection of the measurement signal.114 The VSM attachment in the
PPMS allows for the study of the isothermal magnetization behavior, as well as the temperature
dependence of the magnetization at a constant field. It is worth noting that since the sample is
suspended in the coil, thermal contact with the sample chamber is achieved using the partial
vacuum (~40 torr absolute) of He gas in the sample chamber. Although this pressure is slightly
higher than the vacuum conditions for other options (~10 torr absolute) to promote the thermal
contact between the sample and the chamber, a delay of a several minutes is needed before the
measurements are started to ensure that the temperature of the sample has equilibrated with the
temperature of the chamber.
The AC measurement system (ACMS) option for the PPMS is a versatile tool for
measuring the AC magnetization dynamics of a material. This option consists of a small drive and
detection coil-set that is installed in the PPMS sample chamber and a linear motor that can
reposition the sample in the coil set. The drive coil of the ACMS is of applying AC magnetic fields
of up to 10 Oe and between 10 Hz and 10 kHz. Both the drive and detection coil-sets also include
compensation coils to reduce the magnetic field outside of the sample area. The detection coil-set
consists of two counter wound detection coils that are separated by a few centimeters and
connected in series. The detection coil-set inductively measure the magnetization of the sample
while it is centered in one of the counter wound detection coils, then while it is centered in the
other. By subtracting these measurements and comparing the results to the excitation from the
drive coil-set, the real and imaginary responses of the sample magnetization can be determined.
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Figure 2.6-2: The AC measurement system (ACMS) coil-set for the Physical
Property Measurement System (PPMS) by Quantum Design. From ref. 115.

The imaginary part of the magnetization is in-phase with the excitation while the real part of the
magnetization is 90° out-of-phase.115
In order to use the PPMS sample chamber for electrical measurements, I designed and
developed a testing platform based on the multifunctional probe from Quantum Design. The
multifunctional probe consists of a sample area on a long rod that can be installed and sealed to
the to the PPMS sample chamber. While the sample area of the multifunctional probe does have
electrical ports that can be utilized to connect test equipment, the attached cables are not shielded
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and are therefore not suitable for high frequency electrical measurements. Co-axial cables were
needed to allow the measurements from equipment such as the Aligent E4980A LCR meter and
the Radiant Technologies RT66B ferroelectric tester. The standard RG 174 cable could be could
be epoxied into the top ports of the multifunctional probe in order to provide co-axial connections
in the rough vacuum environment of the sample chamber. Note that the epoxy must also seal the
outer jacket to the co-axial connectors used inside the camber in order to prevent vacuum leakage
between the jacket and shield of the cable. However the RG 174 cable is not suitable for cryogenic
use since the heat load from the copper conductors would exceed the 5 mW limit of the PPMS
sample chamber. Therefore Type SS cable was used from Lake Shore Cryotronics inside the
sample chamber. This cable has both a stainless steel shield and center conductor, which are
separated by a Teflon insulator. The outer jacket is also Teflon and measures 1 mm in diameter.
Due to the lower thermal conductivity of the stainless steel as well as the small size, the estimated
combined heat load from the two Type SS cables is 3.3 mW, much lower than the 5 mW limit for
the PPMS sample chamber.116 SMA co-axial were used to connect to the RG 174 cables at the top
of the chamber. The two Type SS cables were terminated onto two separate printed circuit boards
which also allow for small wires of Pt to be connected to the sample. Note that because the
conductors of the Type SS cable are stainless steel, a phosphoric acid based soldering flux was
needed to allow the solder to wet the stainless steel. A LabView code and command test structures
in the Vision software package were written to simultaneously control the test equipment (LCR
meter or ferroelectric tester) and the PPMS sample chamber. This enables the study of electrical
properties, such as dielectric constant and ferroelectricity, to be studied as a function of
temperature and magnetic field.
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Figure 2.6-1: The magnetoelectric (ME) coupling (αE) measurement
configurations. The first digit of the subscripts of αE designate the direction of the
polarization (P), and the second designates the direction of the applied magnetic
field (H). The “3” is through the thickness of the film while “1” is in the plane of
the film.

2.7 Magnetoelectric Coupling Measurements
As will be discussed in more detail in Chapter 3, the magnetoelectric (ME) coupling (αE)
is the change in the experienced electric field of a material in response to an applied magnetic
field. The experimental set-up in order to perform αE measurements is complex. The αE
measurements presented in this work were done in collaboration with Dr. Srinivasan and Dr.
Sreenivasulu at Oakland University. The experimental set-up consists of a sample chamber with
electrical contacts, and primary and secondary electromagnets. The primary electromagnet applies
a large DC magnetic field, while the secondary electromagnet provides a small AC magnetic field.
Because the change in the polarization can be easily measured, the small AC magnetic field allows
for an accurate measurement of the ME coupling at the given DC bias. There are two geometries
in which this measurement can be performed, as shown in Figure 2.6-1. In the transverse mode the
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magnetic field is applied in the plane of the device while the polarization is measured through the
thickness, whereas in the longitudinal mode both are applied through the thickness of the device.
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Chapter 3

Magnetoelectric Composites

In the following sections, several studies on improving the ME coupling in thin films of PZT
and CFO are presented. Two novel fabrication techniques for these composite thin films were
developed in order to maximize the ME coupling. The first fabrication technique seeks to optimize
the ME coupling by limiting the leakage current through the MS phase. This is achieved by using
nanoparticles of CFO as the MS component of the ME composite. Nanoparticles have a very high
specific surface area, which enables large interfacial areas (over which the strain mediated
coupling occurs) at low volume fractions (as shown in Figure 1.2-4). Low volume fractions of
CFO are less likely to create leakage current pathways. However, the complication of using
nanoparticles is that a significant portion of the atoms in a CFO nanoparticle are in reduced
coordination environments at the surface. Therefore the effect of the surface contributions to the
magnetic properties of the CFO nanoparticles was studied. This published work is presented in
Section 3.1. Having clarified the magnetic properties of the CFO nanoparticles, they were
suspended in a sol-gel precursor solution for PZT, which was then used to fabricate the composite
thin films. The published work on these composite thin films presented in Section 3.2, shows that
using this synthesis method the leakage currents were successfully avoided resulting in high ME
coupling.
Encouraged by the success of the nanoparticle based synthesis method, an alternate synthesis
technique was developed. This technique was inspired by earlier work, shown in Figure 1.2-5, on
unidirectionally solidified oxides that noted the insolubility of the perovskite and spinel phases.117
In this method a sol-gel precursor solution for PZT was synthesized as before. A chemically
compatible CFO sol-gel precursor solution was then developed. The two solutions were mixed in
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the desired molar ratios and the mixed precursor solution was used to fabricate the thin film
composites. This led to the layered distribution of CFO particles in the PZT matrix. As the work
presented in Section 3.3 shows, this unique distribution of CFO in PZT achieved the highest ME
coupling yet reported for comparable thin-film composites.

3.1 Surface Contributions to the AC and DC Magnetic Properties
of Oleic Acid Coated CoFe2O4 Nanoparticles*

As was discussed in Section 1.2.2, CFO has a large magnetostrictive coefficient and is
therefore well suited for use in strain mediated ME composites. In order to obtain a large surface
area between the piezoelectric and magnetostrictive components of the composite, over which the
strain mediated coupling occurs, nanoparticles of CFO were considered, as was discussed in
Section 1.2.3. Before incorporation into the composite it is important to first understand how the
size of the nanoparticles affects their magnetic properties. In the present work we have studied the
surface layer effects on the DC and AC magnetic measurements of oleic-acid coated CFO
nanoparticles. These nanoparticles show superparamagnetic behavior. A spin-glass correction
term to the Bloch law (to account for a magnetically disordered surface layer) was found to
accurately describe the temperature dependence of the saturation magnetization. A feature in the
AC magnetization at 53 K was confirmed to be the result of surface spin-glass freezing on the
individual particles. Because of decreased interaction strength due to the oleic acid coating, the

*

Text and figures reprinted with permission from McDannald et al. J. Appl. Phys. 112, 123916 (2012).. Copyright
(2012) AIP Publishing LLC.
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presence of a magnetically disordered surface layer due to superexchange frustration (possibly as
a result of decreased oxygen ion coordination) was observed.

3.1.1 Motivation
Nanoparticles (NPs) of ferrites, such as Fe3O4 and CFO have a wide range of applications,
in addition to their use in ME composites mentioned earlier. Due to their tunable magnetic
properties and small size magnetic NPs have a great potential for implementation in the fields of
high-density data storage,118 MRI contrast agents,119 targeted drug delivery,120,121 hyperthermia
treatments,122 chemical catalysis,123 and magnetoelectric composite films.124 The size of CFO NPs
affects their magnetic properties. For example, saturation magnetization (Ms) and coercive field
(Hc) increase as the particle size is reduced until a critical size is reached.125 For NPs below this
critical size, the Hc rapidly decreases with size until particles display superparamagnetic (SPM)
behavior (Hc = 0). In the SPM state, the particles are small enough to have only a single magnetic
domain. If the temperature is high, these single domain particles can freely rotate their magnetic
moments because the thermal energy is enough to overcome the barrier (mainly due to
anisotropy).126 Finite size and surface effects have been proposed to explain these size-dependent
phenomena.127 In agglomerated nanoparticles an average magnetic behavior is observed and the
interaction between the particles dominates. The spatial proximity of the NPs affects the
interaction between the particles and thereby influences their magnetic properties depending upon
the particle interactions. In Fe3O4 NPs, the magnetic behavior of agglomerated SPM NPs (10 nm
in diameter) were primarily determined by particle interactions.128 Barbeta et al. showed that
coating 5 nm Fe3O4 particles with a non-magnetic material such as oleic acid can reduce the
strength of the interactions between the particles.129 The magnetic properties of the surface of these
nanoparticle will be distinct from the rest of the particle; the superexchange interaction between
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the metallic ions (mediated by the oxygen) becomes frustrated at the surface due to decreased
oxygen coordination leading to magnetic disorder.126 However, direct evidence of a distinct
surface contribution to the magnetic behavior has been scarcely reported. Mössbauer spectroscopy
has been used to confirm the presence of a surface layer and determine the thickness of this
magnetically disordered surface layer in CuFe2O4 NPs.130 Nadeem et al. provided evidence of a
surface layer in NiFe2O4 NPs by the susceptibility measurements by suspending the particles in a
SiO2 matrix prior to measuring the magnetic properties of the samples.131
In the present work, we investigated the temperature dependent DC and AC magnetic
measurements of oleic acid coated CFO NPs in detail. In addition to the finite size and surface
effects needed to explain the overall magnetic behavior, there are clear features from a distinct
surface contribution that are evident in the data of present coated CFO NPs.

3.1.2 Experimental
The uncoated CFO NPs were synthesized by co-precipitation method (as reported
elsewhere).124 The dried as-prepared nanoparticles were coated with oleic acid (OA). Phase purity
of the as-prepared CFO NPs was studied by X-ray diffraction (XRD) measurements using Bruker
D5 using Cu-Kα radiation. Transmission electron microscopy (TEM) of the as-prepared NPs was
performed using JEOL 2010 FasTEM to confirm the size and shape of the NPs. Temperature
dependent magnetic properties (DC and AC magnetization) of OA-coated CFO NPs (15 mg) were
studied using a vibrating sample magnetometer and AC magnetic system connected to the
Evercool Physical Property Measurement System from Quantum Design.
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Figure 3.1-1: (a) θ-2θ scan of the as prepared CoFe2O4 (CFO) NPs. (b)
Transmission electron microscope image of a single as prepared CFO NPs. (c)
Shows the distribution of the as prepared CFO NPs.

3.1.3 Results and Discussion
The XRD θ-2θ scan of the as prepared particles is shown in Figure 3.1-1a. All the peaks in
the scan correspond to the CFO spinel phase and no other impurity phase(s) was detected that
confirmed the phase purity of the sample. The evenly spaced lattice fringes evident in the TEM
image of the uncoated NPs (presented in Figure 3.1-1b) demonstrate the crystalline nature of the
CFO NPs. The size (diameter) of these NPs was found to be in the range of 5-8 nm (average size
of 6.5 nm). Since the solution of NPs was drop coated on the TEM grid, a few separated NPs were
also visible (Figure 3.1-1c) and were examined in order to determine the particle size more
accurately.
In order to understand the magnetic behavior of the NPs zero-field cooled (ZFC) DC
magnetization measurements were performed with applied field of 100 Oe and is illustrated in
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Figure 3.1-2: (a) Zero-field cooled magnetization data of the present oleic acid
coated CoFe2O4 NPs at various applied fields. (b) Isothermal magnetization loops
at various temperatures. Inset shows the temperature dependence of coercive field
(Hc).

Figure 3.1-2a. It is expected that the CFO NPs of 5-8 nm size would relax from ferrimagnetism to
superparamagnetism above a blocking temperature (TB).126 The peak observed in the ZFC data of
the present OA-coated CFO NPs indicates this transition between the two magnetic states and the
TB is found to be 278 K. The TB depends on the particle size, particle size distribution, and applied
magnetic field. For example, for 7 nm uncoated CFO NPs, the TB of 289 K was observed with an
applied field of 50 Oe.132 Whereas Hanh et al. reported a TB of 180 K for uncoated 4-6 nm CFO
NPs.133 It should be noted that in addition to the shift of TB to lower temperature with decreasing
particle size, it has been reported that coating NPs with a non-magnetic layer can further shift the
TB to lower values.99 It is due to the fact that the non-magnetic layer reduces the particle interaction
strength and lowers energy barrier needed for thermal switching, which is a characteristic of
superparamagnetism.126 Beside a peak at TB, another feature was observed in the DC magnetic
data at lower temperature that is due to the surface spin-glass freezing, which is more clearly
evident in the AC-magnetization data (as discussed later).
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Figure 3.1-3: Saturation magnetization, Ms (represented as solid squares), at
various temperatures on the left Y-axis and bottom X-axis and the corresponding
fit of Bloch law with a surface term (BwST). The Ms(0)-Ms(T) data plotted on the
right Y-axis and top X-axis.

The magnetic field dependent DC magnetization data at various temperatures between 10
K and 300 K is shown in Figure 3.1-2b. It can be seen that at temperatures above the TB (278 K),
the magnetic loops display no coercive field (Hc), indicating the SPM behavior at high
temperatures. The law of approach to saturation, given as:124

𝑀 = 𝑀𝑠 (1 −

𝐴
𝐵
− 2)
𝐻 𝐻

(1)

was used to fit the DC data in order to study the variation of the saturation magnetization with
temperature. In this equation M is the magnetization at a given field, Ms is the saturation
magnetization, A & B are fitting parameters, and H is the applied DC magnetic field. By fitting the
high field M(H) data at different temperatures it was possible to extract the Ms values and plot
Ms(T) data for the present sample as shown in Figure 3.1-3. Lopez et al. reported a saturation
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magnetization of 27.3 emu/g for CFO NPs of ~7 nm in diameter at 4.2 K.134 For the present coated
CFO NPs of around the same size, higher value of Ms (30.8 emu/g) was obtained at 10 K.
Bloch law given by equation:
𝑀𝑠 (𝑇) = 𝑀𝑠 (0)(1 − 𝐵𝑇 𝛼 )

(2)

describes the temperature dependence of the saturation magnetization for spin-wave systems.127 In
the equation, B is the Bloch constant and the exponent, α, is 3/2 for most common systems.
However, bulk CFO has been found to follow the Bloch law with α = 2.127 This difference in the
value of α suggests that there is an energy gap in the spin-wave system of bulk CFO resulting from
crystalline anisotropy. This energy gap can be approximately accounted for by adjusting the value
of α to the value of 2 (from the more common value of 3/2).126 The Ms(T) data for the present
coated NPs could not be fitted using the Bloch law with α = 2. The constrained size of the particles
can lead to energy gaps in the spin-wave system in addition to the gaps resulting from crystalline
anisotropy.126 Therefore it is necessary to determine a value of α that best fits the data for 5-8 nm
size of the present CFO NPs. A logarithmic scale plot of Ms(0)-Ms(T) versus temperature (Figure
3.1-3) would be linear if this model is accurate. By fitting the data for the present sample the Ms(0)
and B were found to be 31.78 emu/g and 0.01109 1/K0.65, respectively with α = 0.65. This value
of α is similar to that reported for uncoated 4-6 nm CFO NPs by Vazquez et. al.127 From Figure
3.1-3, it can be seen that the Ms(0)-Ms(T) data does not fit well to the linear trend of the model,
which reveals that a finite size correction by simply adjusting the value of α is insufficient to
describe the behavior of the OA-coated CFO NPs.
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Alternatively, the Bloch law can be modified by adding a spin-glass term to account for
the magnetically disordered surface layer in these NPs. This correction is given by the Bloch law
with surface term (BwST) equation:
−𝑇

𝑀𝑠 (𝑇) = 𝑀𝑠 (0) (1 − 𝐵𝑇 𝛼 + 𝐴0 𝑒 𝑇𝑓 )

(3)

Here A0 is a fitting parameter that depends on the size of the particles and Tf is the surface spinglass freezing temperature. Figure 3.1-3 also presents the results of this fit with BwST equation.
For this fitting, α was fixed at 2 because the magnetically ordered cores of the particles are
expected to display analogous behavior to that of the bulk. The values of Ms(0), B, A0, and Tf
acquired from this fitting were 24.91 emu/g, 3.603x10-6 1/K2, 0.29, and 42.12 K, respectively.
Although the value of Tf acquired in the present case is significantly higher that what was reported
for uncoated CFO NPs of similar size,127 this model fits rather well to the data of the present
sample. As other corrections to the Bloch law were not sufficient to fit the data well, it can be

Figure 3.1-4: Temperature dependent (a) real magnetic moment (M') and (b) The
imaginary magnetic moment (M") measured at different frequencies.
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Figure 3.1-5: The variation of the natural log of the inverse of the frequency of the
applied magnetic field (ln(τ)) with the inverse of the temperature of the peak, 1/Tp,
(plotted on the bottom X-axis)from the M(T) data and corresponding fit using
Néel-Brown model. The plot of ln(τ) vs. Tp (represented on the top X-axis) and the
corresponding best fit to the critical slowing down spin-glass model.

inferred that in the present OA-coated CFO NPs, surface effects have significant contribution to
the magnetic behavior of the NPs as compared to the finite size effects.
In order to further understand the magnetic behavior of the coated CFO NPs, the samples were
probed by AC magnetic fields and real (M) and imaginary (M) components of the AC
magnetization were measured as a function of temperature at different frequencies (as shown in
Figure 3.1-4). A peak was observed in M(T) data at 322.3 K with a 50 Hz & 5 Oe excitation field
that corresponds to the TB under these conditions. The blocking temperature (hereafter referred to
as Tp for various AC measurement conditions) shifts to higher temperatures with an increase in
frequency. Thus the frequency dependent peak temperature data of the sample was fitted to several
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Figure 3.1-6: The natural log of the inverse of the frequency of the applied magnetic
field (ln(τ)) vs. the temperature of the peak (Tp) from M(T) data for the oleic acid
coated CoFe2O4 nanoparticles. The curve represents the best fit of this data to the
Vogel-Fulcher model.

models to examine this behavior. The relaxation time, τ, is taken to be one over the frequency of
the excitation field for all of the fittings. The Néel-Brown (N-B) model is given by:
𝐸

𝜏 = 𝜏0 𝑒 𝑘𝐵 𝑇𝑝

(4)

where τ0 and E are the free fitting parameters for the characteristic relaxation time and the magnetic
anisotropy energy, respectively, Tp is the peak temperature in the M data, and kB is Boltzman’s
constant. While this model fits the data well (shown in Figure 3.1-5), the value of τ0 obtained was
1.4x10-33 s, which is several orders of magnitude smaller than the acceptable range. Similar
unrealistically small values of τ0 were reported for other ferrite NPs.99,132 It should be noted that
the N-B model is meant to describe non-interacting magnetic particles and hence unrealistic values
of τ0 indicate that the interactions between the present coated NPs are too strong to be ignored.129
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A collection of randomly oriented single-domain NPs could also show spin-glass-like behavior.129
Therefore the data was examined with a critical slowing down spin-glass model given by
equation:128
𝑇𝑝
𝜏 = 𝜏0 ( − 1)
𝑇𝑔

−𝑧𝑣

(5)

In this model Tg is the glass-like transition temperature and zv is the critical exponent. The
fitting of the above model to the peak temperature vs. frequency data of the present sample (also
shown in Figure 3.1-5) resulted in a relaxation time of 7.02x10-11 s and Tg of 284.4 K. The value
of zv was found to be 9.65, which is a moderate value that falls well within the acceptable range
(4 to 12). A value as low as 4.11 was acquired for uncoated Fe3O4 NPs;128 however, for OA-coated
Fe3O4 NPs system, an exponent of 17 was reported.129 It should be noted that higher values of zv
in the critical slowing down spin-glass model suggest less strongly interacting particles.128 Thus,
collectively, the fittings with the N-B, and critical slowing down spin-glass models clearly
confirms that in the present OA-coated CFO NPs, the interactions between the particles is neither
too strong nor too weak and thus could have moderate interactions.
For moderately interacting particles, Vogel-Fulcher (V-F) model given by:

𝜏 = 𝜏0 𝑒

𝐸
𝑘𝐵 (𝑇𝑝 −𝑇0 )

(6)

is valid and can confidently be applied in accordance to the results from the above mentioned
critical slowing down model.128 This model is a modification of the N-B model that can account
for the dipolar interactions. The temperature, T0, in this equation is a transition temperature that in
this case represents the onset of the blocking process. This temperature also gives some measure
of the strength of the particle interactions.129 The fitting with this model (as shown in Figure 3.1-6)
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Figure 3.1-7: Temperature dependent imaginary magnetic moment (M'') at various
applied DC-bias fields.

predicts an ideal glass transition temperature of 237.3 K that is somewhat lower than the TB of 278
K observed in the DC magnetization data. The value of τ0 was 9.4x10-12 s, which is within the
acceptable of 10-12 to 10-9 s. The anisotropy energy (E) from this fitting was found to be 160 meV.
It is known that E is related to the anisotropy constant (K) by the following: E=KV, where V is the
particle volume. Using the average particle diameter of 6.5 nm for the present sample (as measured
from the TEM) K was calculated as 2.23x105 erg/cm3. Eshraghi et al. reported K = 9.2x106 erg/cm3
for uncoated CFO NPs; however, this value was obtained from N-B model, which does not take
the dipolar interactions between the particles into account.135 Using N-B model for the present
coated CFO NPs, the value of K was determined to be 2.69x106 erg/cm3, which is much higher
than the value of 2.23x105 erg/cm3 resulting from the V-F model in the present case. Vazquez et.
al. reported a K of 8x106 erg/cm3 for coated 6.4 nm CFO NPs obtained from an approach to
saturation fitting; however, the isothermal magnetization curves used for this analysis had an
anomalous shape and magnitude not reported in other studies of CFO NPs.127 Furthermore, upon
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inspection of V-F fitting presented in their work, an anisotropy constant of 1.24x105 erg/cm3 can
be obtained, which agrees with the 2.23x105 erg/cm3 for the present OA-coated CFO NPs.
As can be seen in Figure 3.1-7, the AC magnetization behavior for the coated CFO particles
clearly reveals two anomalies (~275 K and ~50 K), which can be explained by two reasons. First
possibility is that the synthesis method created a bimodal size distribution of the NPs.131 However,
in the present case there is no evidence of such distribution through the TEM images and thus
cannot explain the anomaly. It is possible that this second feature is due to the surface spin-glass
freezing of the individual particles. The low temperature feature occurs ~50 K, which corresponds
to Tf as predicted by the modified Bloch law fittings. In order to further confirm this case, AC
magnetic behavior was measured at several DC bias fields, shown in Figure 3.1-7. If there was a
bimodal size distribution, both features would be expected to shift to lower temperature with
applied field.131 However, it is observed that the high temperature peak shifts to lower temperature
and decreases in magnitude whereas the low temperature feature remains essentially unchanged.
This further provides evidence that the low temperature feature is due to surface spin-glass freezing
of the individual particles while the high temperature feature is the SPM blocking of particles as a
whole. In a system of NiFe2O4 NPs suspended in a SiO2 matrix, a similar behavior of the two
features in the AC magnetic data was observed.131 This result confirms the presence of a
magnetically disordered surface layer as also supported by the divergence from the Bloch law. The
oleic acid coating of the present CFO NPs decreases the particle interaction strength and allows
the appearance of surface contributions to the magnetic behavior.

3.1.4 Conclusions
We have synthesized 5-8 nm CFO particles coated in oleic acid. These particles are shown
to be superparamagnetic at room temperature. By coating the CFO particles with oleic acid, the
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strength of the particle interactions reduced and the surface effects were confirmed in the DC and
AC magnetic behavior that is distinct from the blocking effects due to particle interactions. The
spin-glass and Vogel-Fulcher fittings revealed moderate particle interaction strength in the present
sample. The magnetic anisotropy energy and anisotropy constant of 160 meV and 2.23x105
erg/cm3, respectively were obtained from the fittings. Surface effects were further confirmed by
the DC bias dependent AC magnetic behavior. The low temperature feature did not show
significant DC bias dependence compared to the high temperature feature, which suggests that the
former must be surface spin-glass freezing on the individual particles while the later arises from
the moderate particle interactions.

3.2 Magnetoelectric Coupling in Solution Derived 3-0 Type
PbZr0.52Ti0.48O3:xCoFe2O4 Nanocomposite Films†
Having studied the magnetic properties of CFO NPs in Section 3.1, their use in
magnetoelectric (ME) composites with PZT was then considered. As was mentioned in Section
1.2 ME coupling (E) in PE:MS composites is mediated through mechanical strain at their
interfaces. Incorporating magnetic NPs in PE matrix enhances interfacial area between the two
phases and therefore large E can be expected. Here we present electric and ME properties of 3-0
type nanocomposite thin films with various concentrations of CFO NPs dispersed in PZT matrix.
Nanomposite films show only a slight reduction in remnant electric-polarization as compared to

†

Text and figures reprinted with permission from McDannald et al. Appl. Phys. Lett. 102, 122905 (2013).
Copyright (2013) AIP Publishing LLC
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that of PZT. A nanocomposite film with 0.1% CFO (molar concentration) exhibited the highest
transverse E of 549 mV/cmOe at 453 Oe DC bias and 1 kHz.

3.2.1 Motivation
ME composites consisting of PE and MS materials have been of continually increasing
interest due to their wide range of applications including sensors and energy conversion.12,18,136 In
such composites, ME coupling is achieved via strain at their interfaces, as discussed earlier. The
ME response (defined by magnetoelectric voltage coefficient in Equation 1.2-1: E = dE/dH,
where E is the electric field and H is the magnetic field)33 can be thus be tuned by varying the
materials, concentrations, and connectivity of the two constituents. Several bulk ME composites
have been synthesized and large values of E have been reported reported.137 However, thin films
of these composites are preferred for their on-chip integration, which is a prerequisite for their
incorporation into electronic devices.2 Thus, attention has been recently drawn towards bilayered,
superlattices, or nanocomposite films. ME nanocomposite films have been synthesized in 3-1, 22, and 3-0 geometries (where the first number represents the connectivity of the FE phase and
second one for the magnetic phase). Recall from Section 1.2.1 that PZT is a well-known FE
material with a large piezoelectric response. As was discussed in Section 1.2.2, spinel cobalt ferrite
CFO has one of the highest magnetostrictive responses of the oxides. Further, the lattice mismatch
between PZT (a = b = 4.03 Å and c = 4.14 Å) and CFO (a = 8.39 Å) is less than 4%, which allows
these phases to coexist well in composite thin film. In previous studies, PZT:CFO composite thin
films have been derived by a sol-gel,138,139 sputtering,140 pulsed laser deposition (PLD),141,142 and
mixed143 methods. However, it should be noted that most of these studies focused on the
fabrication and their structural, microstructural, and FE/magnetic evaluations.138,141,144–148 There
are only a few reports that in fact presented the figure of merit, i.e. E of the nanocomposite films.
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Moreover, many studies aimed on fabricating epitaxial films,142,149 which could directly influence
the ME coefficients due to lattice clamping effects by the substrate as observed by Ryu et al.142 In
the 3-1 type composite films prepared by PLD, it is difficult to directly measure the ME response
and the vertical pillar structure can only be maintained up to a certain thickness of the film. Such
problems can be evaded by preparing the 2-2 or 3-0 type composite structures. However, high ME
coupling is not predicted for high volume fractions (with large interfacial area) of the
magnetostrictive phase in 3-0 due to leakage problems.12 Nevertheless, large interfacial area (over
which the strain mediated coupling occurs) can still be obtained by utilizing nanoparticles of the
magnetic phase. Wan et al. and Ortega et al. fabricated layered (2-2 type) PZT and CFO films
where upon annealing resulted in a 3-0 type films; however, this process is intricate to control in
order to have a uniform distribution of CFO phase.139,141 In the present work, a facile and
inexpensive solution route have been utilized to fabricate 3-0 type PZT:CFO nanocomposite films
with CFO NPs dispersed in the PZT matrix. This work shows that the ME coupling can be
modulated by controlling the concentration of NPs while preserving FE polarization of the PZT.
In the present PZT:CFO nanocomposite films with relatively low concentration of NPs, E as high
as 549 mV/cmOe has been measured.

3.2.2 Experimental
Using various high purity Pb/Zr/Ti precursors and acetic acid as solvent, a 0.18 M solution
with molar ratio of Pb:Zr:Ti as 1:0.52:0.48 was synthesized via a sol-gel route. The CFO NPs (58 nm in diameter) were synthesized as described elsewhere124 and were coated with oleic acid in
order to disperse NPs in a solvent. Several dilutions of this CFO suspension were made and
controlled volume of these diluted CFO suspensions were added to a fixed volume of
Pb(1)Zr(0.52)Ti(0.48) solution to make the four composite solutions. All the solutions were spin61

coated onto platinized silicon substrates and annealed at 700C to fabricate PZT, PC1, PC2, PC3,
and PC4 films with 0%, 0.065%, 0.10%, 0.14%, and 0.46% molar concentration of CFO,
respectively. The total thicknesses of composite films were in the range 224 – 235 nm. X-ray
diffraction (XRD) measurements were performed using a Bruker D5 system (Cu-Kα radiation).
Nanocomposite PC2 film was investigated by aberration corrected scanning transmission electron
microscopy (STEM) and electron energy loss spectroscopy (EELS) carried out in a Nion
UltraSTEM microscope operating at 100 keV equipped with a third generation C3/C5 aberration
corrector, and a Gatan Enfina EEL spectrometer. Top electrodes of Pt (~200 m diameter) were
deposited by DC sputtering and RT66B FE tester (Radiant Technologies) was used for the room
temperature ferroelectric measurements. For the transverse and longitudinal ME coupling
measurements, top and bottom electrodes of the samples were soldered to Cu leads and the samples

Figure 3.2-1: (a) The x-ray diffraction scan (θ-2θ scan) of the PC4 nanocomposite
film as a representative of the composite films. (b) The high resolution TEM image
of the PC2 composite shows a 4.1 Å spacing between the bright fringes of the PbO
planes in the PZT matrix.
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were fixed to a three terminal holder with two terminals connected to lock-in amplifier (SR830,
Stanford Research Systems) and third to the ground. Each sample was subjected to a DC bias
magnetic field (Hdc) generated by an electromagnet and an AC magnetic field (Hac) of 1 Oe
produced by a pair of Helmholtz coils. The ME voltage coefficient, αE = E/Hac = δV/tδHac (where
V is induced voltage and t is the total thickness of film), was measured as a function of Hdc.

3.2.3 Results and Discussion
All the observed peaks in the XRD patterns (2 scans) of the nanocomposite films (as
shown for PC4 film, in Figure 3.2-1a) were either from the substrate or PZT phase. No peaks
related to the CFO phase (NPs) were observed, most likely due to the low concentration of NPs in
these composite films. The XRD results indicate that the PZT phase in all films is polycrystalline
without any preferred crystallographic orientation. The in-plane and out-of-plane lattice
parameters of PZT were calculated to be 3.99 Å and 4.30 Å, respectively that agrees well with the
JCPDS #33-784 for tetragonal PZT of the same composition. The lack of systematic change in the
lattice parameters with increasing CFO concentration suggests that there is no doping of Fe or Co
into PZT.
The cross-section of the PC2 film was examined by STEM and an a-axis oriented grain of
PZT phase viewed with the electron beam approximately parallel to <011> is shown in Figure
3.2-1b. Evenly spaced bright lattice fringes in the figure correspond to PbO planes in PZT. The
spacing between these fringes is 4.0 Å, which is similar to the XRD analysis. Figure 3.2-2a shows
an aberration corrected STEM image of the PC2 film collected by the high-angle annular dark
field detector (HAADF), which provides compositional contrast due to the ~Z2 dependence of the
measured intensity (where Z is atomic number of the cations in the sample). In this imaging mode,
the embedded NPs are visible as brighter spots. As seen in the figure, there are areas containing
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Figure 3.2-2: An aberration corrected STEM image from the cross-section of the
PC2 film using high-angle annular dark field imaging mode. The out- lined area is
shown in detail in (b). Electron energy loss spectroscopy map for (c) Zr and (d)
Fe/Co.

more NPs, divulging that some clustering of NPs within the bulk of the film may have occurred
upon heat treatment. Further, a small region of the film was investigated in detail to confirm the
presence of NPs. The HAADF of a small region is shown in Figure 3.2-2b. The elemental maps
for Zr (Figure 3.2-2c) and Fe + Co (Figure 3.2-2d) were obtained by integrating the intensity for
the Zr-N2,3 edge at 29 eV and the Fe- and Co-M2,3 edges at 54 and 60 eV, respectively. In spite
of a small signal to noise ratio for the Fe and Co edges, the maps clearly show sharp transitions
between the Zr rich areas and the Fe + Co rich regions (corresponding to the bright spots in
HAADF images) indicating the immiscibility of the PZT matrix and the imbedded CFO NPs.
The electric polarization vs. applied electric field data (P-E loops) of the present PZT and
nanocomposite films (PC2, PC3, and PC4) are plotted in Figure 3.2-3. The PZT film has good
ferroelectric characteristics: the remnant polarization (Pr), saturation polarization, and coercive
fields at applied field of 400 kV/cm were 13.5 μC/cm2, 44.9 μC/cm2, and 55.9 kV/cm, respectively.
The P-E loop for PC1 film (not shown in figure) exactly overlaps the PC2 data. It should be noted
that many PZT:CFO composite thin films reported earlier show significantly reduced Pr or poor
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ferroelectric properties as compared to the pure PZT film due to the comparatively high
conductivity of CFO phase.138,139,143,145 For example, Lui et al.138 and Shi et al.150 reported Pr = 8.3
μC/cm2 and 7.7 μC/cm2 for their composite film as compared to Pr of 32.8 μC/cm2 and 11 μC/cm2
for their PZT films, respectively. Sim et al. and Wan et al. reported inflated PE loops for the
heterostructured and nanocomposite ME films, respectively.143,151 From Figure 3.2-3, it can be
seen that the addition of the CFO NPs in the present nanocomposite films did not alter the P r
significantly and it remained in the range of 11.1 - 13.5 μC/cm2 as compared to 13.5 μC/cm2 in
pure PZT film. This can be attributed to the low concentration of CFO NPs used in the synthesis
of the nanocomposite films.
Large magnetostriction (MS) value and soft magnetic behavior (ease of domain wall
movement) that CFO NPs display are advantageous for a strong ME coupling.152 The transverse
ME effect (E,T) in the nanocomposite films was measured by applying both Hdc and Hac parallel

Figure 3.2-3: Room temperature electric polarization vs. applied electric field plots
for pure and composite films.
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to the substrate plane so that the induced AC field, E, was perpendicular to the applied magnetic
field. The longitudinal ME effect (E,L) was measured by applying both Hdc and Hac fields
perpendicular to the substrate plane so that E was parallel to the magnetic fields. The variation of
both E,T and E,L with applied DC magnetic field are presented in Figure 3.2-4a and b,
respectively. For PC1 and PC2 nanocomposite films, when Hdc < 450 Oe, the E,T initially
increases upon increasing Hdc. Similar behavior was reported for a 2-2 ME film by Shi et al.150
Tahmasebi et al. explained this behavior by claiming that the non-180° domain wall motion of the
CFO phase increases with Hdc until the MS saturation of the CFO phase is reached.153 Thus, it is
believed that in PC1 and PC2 films, MS does not saturate until ~500 Oe, which could explain the
initial increase in E. Further, since the piezomagnetic response is related to the slope of MS with
respect to the applied field, increasing the Hdc past MS saturation results in a lowering of the E,
as observed here.139

Figure 3.2-4: (a) The transverse and (b) longitudinal magnetoelectric coupling of
all the present nanocomposite films. The insets show diagrams depicting the field
orientations relative to the sample for the respective measurements.
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At zero bias, a finite E is displayed in all of the present nanocomposite films and it appears
to be the dominant contribution to the E for PC3 and PC4 films. This so called remnant
magnetoelectricityE,R) has been reported for the 3-0 or 2-2 type PZT:CFO composite films by
Wan et al.139 or Shi et al.150, respectively and has also been displayed in layered composites with
functionally graded magnetostrictive phases.154,155 More recently, dM2/dH vs. H (where M is
magnetization) has been shown to display the same behavior as E vs. H; showing that finite
remnant magnetization (Mr) will lead to a finite E,R.156 This Mr interacts with the applied Hac to
produce a torque and a measured E. In the present nanocomposite films, the incorporated CFO
NPs are known to be superparamagnetic while not clustered, but display a finite Mr upon
clustering.157 Since only the clustering of the CFO NPs could explain a Mr, and such a Mr would
lead to a finite E,R, then because a E,R is observed, the CFO NPs must be clustered. This
clustering behavior is also supported by the TEM image in Figure 3.2-2a. Clustering of the CFO
NPs may have occurred upon pyrolysis of the oleic acid coating of the CFO NPs. However, due to
the low concentration of CFO NPs in the present composites, the magnetic behavior cannot be
confirmed.
It should be noted that many studies on nanostructured ME composite films either did not
report or reported low values of E.138,141,142,144–148,151 Among the present composites, PC2 film
showed the highest coupling of 549 mV/cmOe at Hdc = 451 Oe and excitation frequency of 1 kHz.
With further increase of molar concentration of NPs in PZT (i.e. for PC3 and PC4 films), the ME
coefficient decreases, probably due to some enhancement in the agglomeration of NPs. A
comparison of some reasonable E values recently reported in the literature for similar composite
ME thin films are presented in Table 3.2-I. To the best of our knowledge PC2 film shows the
highest value of ME coefficient reported for similar 3-0 composite films as summarized by Ryu et
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al. in a recent review article10 and in Table 3.2-I. The present results clearly indicate that high
values of ME coefficient can be achieved in nanocomposite ME films, when nanoscale (increased
surface area between the two phases) magnetostrictive CFO phase is well dispersed with minimum
agglomeration in the PZT matrix.
Table 3.2-I: A comparison of recently reported ME coupling coefficients for
nanocomposite thin film.
Composite thin film αE,T (mV/cm Oe) αE,L (mV/cm Oe)
2-2 PZT-CFO
2-2 PZT:CFO
2-2 PZT CFO
2-2 PZT CFO
3-0 PZT-NFO
3-0 BTO-Co
3-0 PZT-CFO
3-0 PZT-CFO

239
273
5
317
549

228
287
15
160-170
338

Hdc (Oe) [f (Hz)]
460 [?]
4400 [5000]
25 [50000]
1000 [600]
2500 [194]
500 [50000]
0 [1000]
450 [1000]

Fabrication method

Reference

150
Sol-gel
143
Sol-gel and sputtering
158
Sol-gel
153
PLD
142
PLD
140
RF Sputtering
139
Sol-gel
Sol-gel
This Work

3.2.4 Conclusion
In summary, 3-0 nanocomposite thin films of PbZr0.52Ti0.48O3 (PZT) and CoFe2O4 (CFO)
were successfully prepared by dispersing various molar fractions of CFO nanoparticles in PZT
matrix using sol-gel and spin-coating methods. The remnant polarization of the nanocomposite
films was not significantly affected by the inclusion of CFO NPs as compared to that of PZT film.
However, with only 0.1% molar concentration of CFO NPs in a PZT:CFO nanocomposite film, a
transverse magnetoelectric coupling of 549 mV/cmOe was achieved at a 453 Oe DC bias and an
excitation frequency of 1 kHz. To the best of our knowledge, the magnitude of the ME coefficient
presented here is the highest among all reported values in the literature for similar systems.
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3.3 Switchable 3-0 Magnetoelectric Composite Thin Film with High
Coupling
Encouraged by the high ME coupling from using nanoparticles of CFO in a composite with
PZT discussed in Section 3.2, an alternate synthesis method was explored. This method was
inspired by the early work on ME composites discussed in Section 1.2.3, where solid oxide
precursors were melted then unidirectionally solidified to from the composite. The present
synthesis method aims for a similar fabrication without the high temperatures needed to melt the
oxide precursors. Therefore, a mixed precursor solution method was used to deposit 3-0 composite
thin films of PZT and CFO. The spontaneous phase separation of the 3-0 composite film was
observed through scanning transmission electron microscopy and electron energy loss
spectroscopy, with 25 nm CFO particles distributed in discrete layers through the thickness of the
PZT matrix. Magnetic-force microscopy images of the composite thin film under opposite
magnetic polling conditions revealed in-plane pancake-like regions of higher concentration of the
CFO nanoparticles. This unique distribution of CFO nanoparticles in a PZT matrix achieved some
of the highest values of ME coupling yet reported for composite thin films: 3.07 V/cm Oe at a DC
bias of 250 Oe and 1 kHz, increasing up to 25.0 V/cm Oe at 90 kHz. Piezo-force microscopy was
used to investigate the ferroelectric domain structure before and after opposing magnetic polling
directions. It was found that in this composite, the polarization of the ferroelectric domains
switched direction as a result of switching the direction of the magnetization by magnetic fields.

3.3.1 Motivation
High coupling between electrical polarization and magnetic fields is desirable for many
applications, as mentioned in Section 3.2.1. A material with this high ME coupling could facilitate
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many devices such as: novel logic and memory devices, more sensitive magnetic field sensors,
and more efficient energy harvesters.10,17,21,145,159 Many of these device applications require thin
films for on-chip integration, as briefly discussed in Section 1.2.3. Therefore this section will focus
on ME coupling in thin films.
Recall from Section 1.3 that, while ME coupling has been discovered in single phase
materials, it is usually weak, only observed at low temperatures.160,161 Despite the weak intrinsic
ME coupling and small magnetization, large ME coupling has been observed in BiFeO3
structures.162 However this required heterostructures of BiFeO3 that were exchange coupled to a
magnetic Co0.9Fe0.1 layer, and suffered from reliability issues possibly due to oxidation of the
ferromagnet.162 From Section 1.2 it was shown that composites can have properties that are not
exhibited in either of the constituent materials, through the product of two properties (one from
each component material in the composite). The ME coupling is accomplished and formalized by
the Equation 1.2-1: 𝛼𝐸 =

𝐸𝜀
𝜀𝐻

(where αE is the ME coupling, E is the electric field, ε is the strain,

and H is the magnetic field).
There are two important challenges for piezoelectric-based ME composites. First, as was
mentioned in Section 1.2.3, the MS phase is typically much more conductive than the piezoelectric
phase, which leads to leakage currents that limit the electric polarization. This is especially
important when the magnetostrictive regions are allowed to agglomerate. There are several
common composite structures (as was shown in Figure 1.2-3) and each is affected to differing
degrees by such leakage currents. In 3-1 composites (in which the PE matrix contains MS columns)
the potential for ME coupling is high but the MS columns allow for strong leakage currents. 2-2
composites (stacked layers of PE and MS phases) can completely eliminate leakage but have the
weakest ME coupling. Composites with 3-0 structure (PE matrix with embedded MS particles)
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offer a compromise, so long as a small volume fraction of MS nanoparticles are well dispersed in
the PE matrix.
The other important challenge for piezo-based ME is magnetic control of the domain state
of the ferroelectric matrix. Electric control of magnetic domains has been achieved in BiFeO3, a
single phase multiferroic material.163,162 In composites the switching of magnetic domains by
electric fields has been demonstrated in pillars of CFO in a BiFeO3 matrix164 and in a single
La0.67Sr0.33MnO3 layer on a BaTiO3 substrate.165 In both of these cases epitaxial films were
prepared by pulsed laser deposition and the converse ME coupling was demonstrated. As discussed
in the 2008 review, the converse ME coupling in the pillared structures could be demonstrated by
switching but not directly measured due to high leakage currents.12 It remains an outstanding
challenge to directly demonstrate high ME coupling and ME mediated control of the domain state.
Due to experimental constraints we will henceforth consider the magnetic control of the
ferroelectric domain states.
This report investigates a low concentration of MS particulates in a PE matrix. PZT was
used as the PE phase due to the high piezoelectric response of 400 pC/N.166 With a
magnetostrictive coefficient of -110*10-6,40 CFO was selected as the MS phase. These materials
form in the perovskite and spinel structures, shown in Figure 1.2-1 and Figure 1.2-2 respectively.
A sol-gel technique was used to synthesize composite thin films. The fabrication approach
presented herein utilizes the known insolubility of these two structures to provide a facile and
inexpensive synthesis route. In the work herein presented, high magnetoelectric coupling and the
switching of ferroelectric domains is demonstrated in a 3-0 composite thin film.
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3.3.2 Results and Discussion
In general it is accepted that perovskite and spinel phases tend to be insoluble, and there
have been several studies on the specific system of PZT and CFO as bulk,117,137,167 and for thin
films.138 Therefore it was expected that from this mixed precursor solution PZT and CFO phases
would spontaneously separate. Using an aberration corrected scanning transmission electron
microscopy (STEM) and electron energy loss spectroscopy (EELS) mapping, the phase separation
could be observed (see Figure 3.3-1). The total thickness of the film was measured to be about 160
nm. The matrix was determined to predominately Pb and Zr rich while the particles were Fe and
Co rich, suggesting the formation of PZT and CFO respectively. The CFO particles as estimated
from this mapping are about 25 nm in diameter. Interestingly, the CFO particles are clearly
distributed in layers, which correspond to the spin-coated layers during the synthesis. Additionally,
the EELS mapping shows preferential segregation of Ti to the edges of the CFO particles clearly
into a ternary phase. Using a similar mixed precursor synthesis method for PZT CFO composite

Figure 3.3-1: A high resolution STEM image of the PZT: CFO composite. The
green rectangle shows the area scanned for EELS mapping. The Co and Fe mapping
shows 25 nm CFO particles distributed in discrete layers.
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thin films Liu et al. found CFO nanoparticles in the 5 to 10 nm region.138 Additionally, their TEM
results show a ternary amorphous phase that was attributed to insufficient annealing.138 The present
sample shows no amorphous phase, larger CFO grains, and a ternary TiO2 phase. These differences
in the microstructure compared to that of Liu et al. could be due to the longer annealing step in the
present study, 700°C for 1 hour.
The small volume fraction of the magnetic phase proved to be below the detection limit of
both x-ray diffraction and bulk magnetic measurements. Therefore, magnetic force microscopy
(MFM) was employed to determine the in-plane distribution of the CFO (Figure 3.3-2). The
sample was first magnetically poled out-of-plane to +1 T, removed from the magnet, and imaged.
After imaging the sample was poled in the opposite direction (i.e. -1 T) and imaged again. The

Figure 3.3-2: AFM based topography (a), and MFM response for both -1 T and +1
T poled states ((b) and (c), respectively) were acquired from the PZT:CFO
composite film. The ΔM image (d) was created by subtracting (b) from (c) in order
to clearly distinguish the magnetic regions (bright cyan) from the non-magnetic
regions (dark blue).
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topography traces (shown in Figure 3.3-2a for -1 T polling) were used to register the set of images
to each other. From a single MFM image (Figure 3.3-2b or 2c for -1 T or +1 T polled, respectively),
it is difficult to distinguish between the magnetic and non-magnetic regions. The magnetic regions
of the sample are the features in the MFM images that change sign between the two sets of images.
The subtraction of the MFM images performed in the present study allows for a more clear
determination of the magnetic regions. An image isolating the magnetic regions (Figure 3.3-2d)
was created using: 𝐼𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑐 = 𝐼+1 𝑇 − 𝐼−1 𝑇 , where I is the intensity at each pixel. A similar
imaging procedure was used to identify CFO pillars in a BiFeO 3 matrix.164 The magnetic regions
identified by MFM in the present study are much larger (on the order of 1-2 μm) than those seen
in the TEM images (approximately 25 nm). The magnetic contrast seen in Figure 3.3-2d is
therefore likely due to the in-plane variation of the relative concentration of the 25 nm CFO
particles. Combining the TEM and MFM results suggests that the CFO phase of this composite is
distributed in several layers of supergranular pancake-like regions of higher concentration of 25
nm CFO particles.
As was mentioned earlier, CFO nanoparticles are much more conductive than the PZT
matrix. Agglomerations of CFO nanoparticles, can provide an electrical pathway for leakage
currents, and adversely affect the ferroelectric polarization. Such leaky ferroelectric behavior is
commonly observed in ME composite thin films.10,138 The ferroelectric behavior of the present
sample, shown in Figure 3.3-3, has a saturation polarization of 21.5 μC/cm2. This polarization,
while less than that of pure PZT, is higher than other 3-0 ME composites, and comparable to some
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Figure 3.3-3: The ferroelectric behavior of the present PZT:CFO composite thinfilm.

2-2 ME composites.138,150,158,160 The aforementioned unique pancake-like distribution of CFO
particles in the present composite mimics a 2-2 structure, and therefore may aid in avoiding
creating leakage current pathways.
ME coupling measurements of the composite thin film were performed on the versus DC
bias and versus frequency. For the DC bias dependence of αE (Figure 3.3-4a), a small (1 Oe) 1 kHz
AC magnetic field was applied and the voltage was measured as the DC bias was varied. Both the
AC and DC magnetic fields were applied in the plane of the film, as the out-of-plane polarization
was measured. The αE peaked at a value of 3.07 V/cm Oe at a DC bias of 250 Oe. The present ME
composite sample also shows a remnant αE of 1.82 V/cm Oe. As discussed in our earlier work,
such remnant αE can be caused by local concentration gradients of the magnetic material,168 which
supports the unique distribution of CFO particles as determined from the MFM and TEM results.
The overall DC bias dependence of the present thin film is similar to that reported in 2-2
composites. In multilayered and bilayer ME composites a 180° phase shift in αE is observed
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Figure 3.3-4: (a) Transverse magnetoelectric coupling (αE) versus DC bias field
shows the superposition of remnant magnetoelectric coupling and 180° phase shift
between positive and negative DC bias fields. (b) Transverse αE versus frequency
shows monotonic increase in magnetoelectric coupling with increasing frequency.

between positive and negative DC bias fields.152 The AC magnetic field applied in addition to the
DC magnetic field can cause pseudo-piezomagnetism in the MS material.152 This pseudopiezomagnetism can excite longitudinal vibrational modes that can lead to the 180° phase shift in
the αE between the sign of the DC bias field.40 In the EELS mapping of the present composite the
25 nm CFO particles are observed in discrete layers, approximating a 2-2 structure. This particular
distribution of CFO particles can explain the DC bias dependence of the αE: discrete out-of-plane
distribution approximating a 2-2 structure and providing 180° phase shift, and in-plane local
concentration gradients of the CFO particles causing a remnant αE. These two conditions allow for
the present composite to achieve αE values that are over a factor of five times higher than our
previous work168 and nearly an order of magnitude higher than other reports of comparable
composites.153,158,169
At the DC bias condition that gave the highest αE (250 Oe) the AC frequency was varied.
In bulk composites the frequency dependence can show a large peak at the electromechanical
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resonance frequency. However in thin films, due to the clamping effect of the substrate, no such
resonance is possible. A monotonic increase in αE with increasing frequency was observed in the
present sample, shown in Figure 3.3-4b. The highest αE observed was 25.0 V/cm Oe at 90 kHz.
This is nearly an order of magnitude higher than αE observed at 1 kHz. Such high strain-mediated
ME coupling has been reported for free-standing bulk composites at resonance and for ME
cantilevers,20,136 but until now has yet to be achieved in thin films.10 Note that in the present thin
film this high αE is not a resonant phenomenon; the monotonic increase in αE with increasing
frequency over the reported range shows that this is a much more broadband feature. The present
αE is a 20% improvement over that obtained by composite thin films of BiFeO3 and BaTiO3, which
utilize both the intrinsic ME coupling of BiFeO3 as well as that caused by the interface of
BaTiO3.170
Because the αE of the film is very large, the possibility of controlling the ferroelectric
domain states with magnetic fields was investigated with the following experimental procedure.
The thin film sample was magnetically poled out-of-plane to +1 T (hereafter referred to as positive
poled), then removed from the field and imaged with piezo-force microscopy (PFM). After
imaging, the sample was subjected to a -1 T out-of-plane field (negative poled). The same area of
the sample was then imaged again using PFM. The negative poled images are presented in Figure
3.3-5. The two sets of images were registered using the topography signal (Figure 3.3-5a). The
film is relatively flat; having a height difference of only 14 nm between the highest and lowest
points on in the 2.25 μm2 area imaged with an root mean square (RMS) roughness of about 1.1
nm. The RMS roughness of the present sol-gel deposited films is smoother than some PLD
deposited composite films (3.7 nm).171 The ferroelectric response of the composite thin film was
also captured in PFM amplitude (Pamp) and phase (θ) images (shown in Figure 3.3-5b and 5c,
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Figure 3.3-5: AFM based topography (a), PFM amplitude (Pamp) (b), PFM phase
(θ) (c), and piezoresponse Pampsin(θ) (d) images acquired for the PZT:CFO
composite film after negative magnetic poling. These P-1 T images, along with
equivalent P+1 T images following magnetic poling in the opposite direction, are
subtracted from each other to visualize ΔP (e). Magenta regions in (e) are polarized
down in the negatively magnetically poled specimen, and polarized up in the
positive poled images (signified by ↓ to ↑); yellow regions in (e) exhibit the
opposite behavior. Taking the absolute value of (e) yields a |ΔP| image (f), in which
bright regions are areas with detectible ferroelectric polarization switching
regardless of the switch direction (signified by ↕), and blue regions are areas where
the measured polarization state remained constant between magnetic poling states
(signified by =).

respectively). The full piezoactive polarization response (P) of the film can be represented in one
image by using the equation: 𝑃−1 𝑇 = 𝑃𝑎𝑚𝑝,−1 𝑇 sin(𝜃−1 𝑇 ) (shown in Figure 3.3-5d for negative
poled). This image spatially maps the vertical component of the polarization, from which distinct
regions of similar polarization can be observed. The blue and green regions in Figure 3.3-5d of
this film are electrically polarized in opposite directions; for the sake of clarity, the blue regions
will be arbitrarily referred to as polarized up. Since the composite film had not been electrically
poled, the random distribution of polarization directions seen in the film was expected. To
determine the change in the ferroelectric domains between magnetic polling states, the P+1 T image
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was subtracted from P-1 T resulting in the ΔP image (shown in Figure 3.3-5e). The ΔP image
therefore shows the changes in the ferroelectric response of the specimen as a result of the positive
and negative magnetic poling. The magenta regions of the ΔP image are ferroelectric domains of
the composite film that reversed electrical polarization in a certain direction (up to down), while
the yellow regions reversed polarization in the opposite direction (down to up). The regions that
remained unchanged have an intermediate color value. In order to identify regions of the composite
thin film where the electric polarization is most sensitive to magnetic poling, regardless of
direction, an image based on calculating |ΔP| is also displayed (Figure 3.3-5f). Upon this treatment,
domains and domain walls become more apparent, confirming that ferroelectric domains are
present in the specimen and can reverse polarization direction upon magnetic reversal.

3.3.3 Conclusion
In conclusion a mixed precursor solution method was used to synthesize a composite thin
film of PZT and CFO. STEM and EELS mapping confirmed spontaneous separation of 25 nm
CFO particles in a PZT matrix. The CFO particles were found to be distributed in discrete layers
in the thickness of the film approximating a 2-2 structure. MFM was used to determine the inplane distribution of the CFO particles by subtracting the magnetic responses of opposite poling
directions. This particular distribution of CFO particles helped to mitigate leakage currents, and
caused a significant remnant ME coupling. The discrete out-of-plane distribution of the CFO
nanoparticles allowed for the 180° phase shift between positive and negative DC bias fields,
similar to 2-2 ME composites. These two contributions allowed for very high values of ME
coupling to be achieved: 3.07 V/cm Oe at a DC bias of 250 Oe and 1 kHz, increasing up to 25.0
V/cm Oe at 90 kHz. PFM images of oppositely magnetically poled states, especially via a |ΔP|
image calculated based on piezoactuation maps following magnetic poling, were used to confirm
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magnetic control of some ferroelectric domains. This work demonstrates a composite thin film
structure of PZT and CFO with a large broadband ME coupling and ME control of ferroelectric
domains which could allow for easy integration into electronic devices.
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Chapter 4

Magnetic Properties of DyCrO3

While the composites of PZT and CFO discussed in Chapter 3 may be well suited for use
in some of the electronic applications, for the spintronic applications mentioned in Section 1.3.4 a
single phase ME MF is more appropriate. Recall from Section 1.3.5 that the rare-earth chromites
are good potential candidates for magnetically driven ferroelectricty at much higher temperatures
than other type II ME MFs. Of particular interest is DCO, since Dy3+ has the highest magnetic
moment of all the trivalent rare-earth ions. In this chapter work is presented that studies the
magnetic behavior that arises from this complex magnetic structure and the interactions between
the magnetic sublattices in DCO. The synthesis of DCO is discussed in Section 4.1. The magnetic
and magnetocaloric properties of DCO are presented in Section 4.2. The competition between the
Dy3+ and Cr3+ sublattices can be seen in the temperature dependence of the coercive field. A large
magnetocaloric effect is observed in DCO near the magnetic Dy3+ ordering transition. Rare-earth
substitutions (Y, Er, and Ho) at the A-site of DCO were then used to tune the rare-earth ordering
transition and therefore the magnetocaloric response, as presented in Section 4.3. The introduction
of the substitutive ions at the A-site also effects the exchange interactions in the material. In
Section 4.4 a method is developed that allows for the quantitative determination of the Cr-Cr
exchange interaction, and qualitative information about the R-Cr interaction from simple
magnetization measurements. Y, Er, and Ho substitutions in DCO were found to slightly decrease
the Cr3+ ordering temperature. A solid solution of DCO and NdCrO3 (NCO) was also studied as a
means of increasing the magnetic ordering transition toward the technologically relevant
temperatures. The effects of each of the substitutions on the exchange interactions, and how that
relates to the bond angles and lengths are summarized in Section 4.5. As presented in Section 4.6,
the DCO-NCO solid solution was found to have exotic magnetic behavior, such as exchange bias
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in a single phase material, which excites the potential for altogether novel device applications.
Lastly in Section 4.7, thin films of DCO were used as a potential platform for the electronic
characterization of this material. A large tunability of the dielectric constant, consistent with the
proposed ferroelectricity, was discovered below the magnetic ordering temperature of DCO.

4.1 Synthesis of DyCrO3

Figure 4.1-1: The differential scanning calorimetry and thermogravometric
analysis measurements of a dried precursor solution for DyCrO3.

In order to synthesize bulk powder samples of DCO, nitrate salts of Dy3+ and Cr3+ are
dissolved in water. The individual solutions are then mixed in the proper molar ratios. To this
solution, citric acid is added. The solution is then heated to evaporate the water. Once the water
has evaporated, the citric acid, acting as the chelating agent, maintains the uniform distribution of
the metal ions in a gel-like solution.172 Upon further heating, the nitrate ions as well as the organic
molecules of the citric acid decompose and oxidize releasing HNO3, NOx, and CO2.173–175 The
products of these reactions are further heated to ensure the completion of the reactions. This green
powder was then annealed in a tube furnace. The annealing temperature of 900°C was chosen
based on the results of differential scanning calorimetry and thermogravometric analysis
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measurements, Figure 4.1-1. The sharp weight loss below 800°C corresponds to the decomposition
of organic compounds and the loss of oxygen resulting in the DyCrO3 stoichiometry,172 while the
valley in the heat flow at 1200°C could indicate a phase transition to a higher symmetry (as occurs
in LaCrO3).176,177 A major advantage of this solution-based synthesis method is the ease by which
chemical substitutions can be synthesized. For example, by simply partially substituting Ho(NO3)3
for Dy(NO3)3 Ho-doped DCO can be synthesized. Note that it is important to dissolve all of the
precursors individually, then ensure that they are thoroughly mixed before adding the citric acid.

4.2 Magnetic and Magnetocaloric Properties of Bulk Dysprosium
Chromite‡
In this section, a polycrystalline bulk DCO sample was prepared by a solution route
discussed in Section 4.1, and the structural and magnetic properties were investigated. The phase
purity and ionic valence state of the DCO sample were determined by x-ray diffraction/Raman
spectroscopy and x-ray photoelectron spectroscopy, respectively. The AC and DC magnetization
measurements revealed the onset of antiferromagnetic order at 146 K with an effective moment of
11.16 μB. Isothermal magnetization measurements of this material are presented for the first time,
showing a peak in the coercive field at 80 K that is explained by the competition between the
paramagnetic Dy3+ and Cr3+ sublattices. DCO was found to display a large magnetocaloric effect
(8.4 J/kg K) and relative cooling power (217 J/kg) at 4 T applied field, which renders DCO useful
for magnetic refrigeration between 5 K and 30 K.

‡

Text and figures reprinted with permission from McDannald et al. J. Appl. Phys. 114, 113904 (2013). Copyright
(2013) AIP Publishing LLC.
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4.2.1 Motivation
As mentioned in Section 1.3.2, in the past decade, rare-earth (R) manganites, such as
TbMnO3 with orthorhombically distorted-perovskite structure, have been of great interest due to
their ME MF nature and intriguing magnetic properties.178,179 Experimental and theoretical studies
of these manganites have revealed that the ionic radii and the magnetic moment of the R-ion affect
their magnetic and ferroelectric behavior. For example, TbMnO3 was found to have spiral spin in
the ab plane and polarization of 850 μC/m2 in the c direction;9 whereas HoMnO3 with E-type
antiferromagnetic (AFM) ordering was theoretically predicted180 to have higher value of
polarization (60,000 μC/m2) as compared with TbMnO3 which has a smaller magnetic moment
and slightly larger ionic radius. Recall from Section 1.3.5 that there have been a few reports on
RCrO3 proclaiming them to be ME MFs.71,87,181 It should be noted that in these chromites, the
transition temperature and nature of the ferroelectricity are still widely debated.71,87,88,181 The
magnetic properties of RCrO3 have been determined to be G-type AFM (see Figure 1.3-2c) from
neutron diffraction experiments.70,92 Other reports present the temperature dependent zero-field
cooled (ZFC) and field cooled (FC) magnetic susceptibility data of many RCrO3 materials.71,87,182–
185

For RCrO3 with large magnetic moment of the R-ion (i.e., R = Gd, Tb, Dy, Ho, Er, and Tm),

Neel temperatures (TN) range from 169 K to 125 K clearly exhibiting the dependence of magnetic
transition on the ionic radius of the R-ion.70,83,186 However, in the RCrO3 series, the isothermal
magnetization loops have only been reported in HoCrO3 and ErCrO3 and there have been no
reports on the AC magnetic behavior of these materials.184,185 Isothermal magnetization
measurements have earlier been utilized to examine the magnetocaloric effect (MCE) at low
temperatures (<70 K) in single phase multiferroic manganites, such as TbMnO3 and
DyMnO3.187,188 These multiferroic manganites show promising MCE properties due to their
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structural and magnetic ordering transitions. In general, it is desired to have magnetic refrigerants
that operate between 10 K and 80 K at low applied field. Compounds containing Dy3+ and Ho3+,
like the rare-earth orthochromites, have ions with high magnetic moments (10.63 μB and 10.60 μB,
respectively) and the potential for similar magnetic transitions in this temperature range due to the
rare-earth ordering at ~3 K. However, such MCE studies of these orthochromites have not been
explored yet. It is therefore prudent to examine the multiferroic RCrO3 materials, especially
DyCrO3 (DCO) containing R-ion with the largest magnetic moment, for MCE behavior.
In this section, the magnetic behavior of bulk DCO is presented. Magnetic properties of
DCO by temperature dependent DC field cooled and zero- field cooled curves have been
corroborated by AC susceptibility data of the sample. For the first time, isothermal magnetization
measurements and magnetocaloric properties of DCO are also presented here confirming potential
of this material for magnetic refrigeration.

4.2.2 Experimental
Using the synthesis method from Section 4.1, high purity Dy and Cr precursors along with
citric acid and water were mixed in the proper stoichiometric ratio. At first, the solution was
continuously stirred on a hot plate and slowly heated to evaporate the water followed by
combustion reaction. The resultant powder was annealed at 900 °C for 2 h in O2 to form DCO
bulk.
The structure of the DCO powder was determined by x-ray diffraction (XRD) using a
Bruker D5 x-ray diffractometer. These results were supported by Raman spectroscopy (RS) using
a 514nm laser. X-ray photoelectron spectroscopy (XPS) was used to determine the valence states
of Cr and Dy ions. DC and AC magnetic measurements were carried out using a vibrating sample
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Figure 4.2-1: (a) X-ray diffraction data shows the Pbnm structure of the
present DyCrO3 sample. (b) Raman spectroscopic data of bulk DyCrO3
powder using a 514 nm laser.

magnetometer (VSM) and the AC magnetic susceptibility option attached to an Evercool Physical
Property Measurement System from Quantum Design, Inc.

4.2.3 Results and Discussion
Figure 4.2-1a presents the θ-2θ XRD scan of the DCO sample, which belongs to the Pbnm
space group.70 The diffraction pattern matches with that of the JCPDS #77–1035 for DCO. No
other peaks were detected suggesting the phase purity of the DCO powder. It should also be noted
that most reports have studied RCrO3 synthesized by solid-state reaction method that required
temperatures as high as 1673 K for durations as long as 60 h.71,87,88,181,182 There have also been a
few reports on the rare-earth orthochromites prepared by complex chemical processes.83,189,190 It
can then be concluded that a simple solution based route and lower temperature used here results
in a phase pure sample.
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Figure 4.2-2: Squares and circles show the zero-field cooled and field cooled
magnetization data, respectively at an applied field of 50 Oe. The triangles show
the inverse of the susceptibility data as a function of temperature with Curie- Weiss
fit of the high temperature data.

While XRD is sensitive to the d-spacing (distance between planes) of the crystal structure,
RS determines the structure based on the phonon modes. Raman spectrum (Figure 4.2-1b) for the
present DCO sample looks similar to the spectra reported in the literature.89 All the peaks showed
that the sample was phase pure and no impurities were present. The Ag and B2g bands displayed in
Figure 4.2-1b at 142 cm-1 and 163 cm-1, respectively, are related to the vibrations of the Dy3+ ions.
Another B2g mode at 306 cm-1 is very sensitive to the ionic radius of the rare earth ion89 and its
position in the present DCO sample also confirms the presence of Dy3+. This is further
corroborated by the position of the B1g and Ag bands at 403 cm-1 and 413cm-1. The difference in
the positions of these two bands is sensitive to the A-site ionic radius.89 The position of these peaks
is consistent with Dy3+ ion at the A-site.
In order to understand the magnetic properties of the present DCO sample, it is important
to first clarify the oxidation state of Cr in the samples. Cr has two primary valence states: Cr3+
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Figure 4.2-3: The real part (top) and imaginary part (bottom) of the AC magnetic
moments of the DCO sample show the frequency invariance of the temperature of
the anomaly at TN.

(magnetic) and Cr6+ (non-magnetic). The valence of Cr is also critical to the electric properties as
the electrical resistance is shown to degrade when mixed valence states are present. For example,
divalent Sr and monovalent Ag doping in LaCrO3 have been shown to change the oxidation state
of Cr from 3+ to 6+, increasing the conductivity.191,192 DCO has been claimed to be ferroelectric
and in order to minimize the leakage current it is imperative that the formation if Cr6+ is avoided.
XPS (not shown) was therefore employed to determine the valence of Cr in the present sample.
The Cr 2 p signal was found to fit well to one peak at a binding energy corresponding to the Cr3+
valence state. Together with the XRD, Raman, and XPS results, it can be concluded that the sample
is phase pure stoichiometric DyCrO3 in the Pbnm structure.
The magnetic ordering temperature of the Cr3+ moments in the DCO sample was
determined to be 146 K by the divergence of ZFC and FC DC magnetic data taken as a function
of temperature (Figure 4.2-2) by using VSM. This is consistent with the results of the neutron
scattering experiments as reviewed by Hornreich et al. showing that the magnetic structure of the
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Cr sublattice of DCO is Γ2 (a G-type AFM ordering with the Cr3+ moments aligned with the c-axis
𝐶

and a net canted moment along the a-axis).70 Curie- Weiss law: 𝜒 = 𝑇−𝜃, where χ is DC magnetic
susceptibility, was used to fit the high temperature FC data (Figure 4.2-2) of the present sample.
The Curie constant (C), Weiss temperature (θ), and net moment were determined to be 15.6 emu
K/Oe mol, -19.5 K, and 11.16 μB, respectively. These values are smaller to those reported by Lal
et al. who prepared DCO by solid state reaction method.182 However, Sardar et al.183 synthesized
DCO by hydrothermal method and reported a similar values of θ and C. These discrepancies could
be due to the different morphologies of the DCO powders resulting from the various synthesis
routes. As can be seen in Figure 4.2-2, the magnetization (M) monotonically increases below the
TN. This is due to the paramagnetic response of the Dy3+ ions as they continuously rotate to align
with the Cr3+, before the Dy3+ sublattice ordering at 2.3 K.183
In order to further understand the temperature dependent magnetic behavior, the real part
(M’) (Figure 4.2-3a) and imaginary part (M”) (Figure 4.2-3b) of the AC magnetization were also
measured using a 10 Oe amplitude and frequencies between 100 Hz and 5000 Hz. AC
measurements have been shown to be sensitive to transitions that were not observed in the DC
measurements. For example, in Ho doped TbMnO3, through AC susceptibility measurements,
Staruch et al. were able to detect the onset of non-collinear spiral spins.179 The position of the
anomaly for the present DCO sample at 146 K, which confirmed the TN observed by DC
measurements, is shown in the inset of Figure 4.2-3 and is observed to be frequency independent.
The enhancement in magnetization as the temperature is further decreased below TN can be
attributed to the rotation of the Dy3+ moments. There are no other features observed in the AC
magnetization measurements suggesting that the AFM ordering of the Cr ions is the only magnetic
transition within the 5 K–300 K temperature range and with 10 Oe.
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Figure 4.2-4: (a) Selected isothermal magnetization loops for DyCrO3. The inset
shows a zoomed view. (b) The temperature dependent coercive field (HC) values
for the present sample.

Figure 4.2-4a shows isothermal magnetization hysteresis loops for the present sample.
These data can be interpreted as having two distinct contributions: a canted AFM behavior from
the Cr3+ sublattice, and a strong paramagnetic signal from the Dy3+ sublattice. At low temperatures
(2.5 K–10 K), the Brillouin “S” shape of the paramagnetic Dy3+ signal is evident in the isothermal
magnetization curves.193 As the temperature is increased, this paramagnetic contribution becomes
linear. The contribution from the canted AFM Cr3+ sublattice causes the hysteretic behavior
evident at low applied field as shown in the inset of Figure 4.2-4a. Above 146 K, the DCO sample
is found to be paramagnetic. The competition between the two sublattices in DCO is most clearly
manifested in the temperature dependence of the coercive field (HC) as presented in Figure 4.2-4b.
The coercive field initially increases with decreasing temperature below 146 K due to Cr 3+
sublattice contribution. As the temperature is lowered, the weak ferromagnetic signal from the Cr3+
sublattice is expected to increase in strength until at some temperature it saturates. Meanwhile, the
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paramagnetic contribution from the Dy3+ sublattice is expected to increase in strength down to the
Dy ordering temperature (2.3 K). Saturation of Cr3+ contribution may occur below 80 K and
therefore the combined ferromagnetic and paramagnetic contributions are expected to result in a
decreased coercive field as the temperature is further lowered, correlating to the observed peak in
the HC at 80 K. This interpretation implies that the Cr and Dy sublattices are aligned at high applied
fields but will be anti-aligned when the paramagnetic Dy moments have changed direction but the
weakly ferromagnetic moments have yet to switch.
It is known that the interactions between the moments of rare-earth and transition metal
ions influence the magnetic properties in these complex oxides.194 In ErCrO3, Su et al. reported a
peak in HC with temperature and explained this behavior in terms of a co-existence of an AFM
state (Γ1) and a weak ferromagnetic state (Γ4).185 This cannot hold true for the present DCO sample
because it does not display this magnetic transition (as shown in the AC and DC magnetization
measurements). Jaiswal et al. also reported a peak at ~40 K in the HC in GdCrO3.76 While they do
not offer an explanation of the coercive field peak, Jaiswal et al. use Curie-Weiss law in their
analysis of the magnetization of GdCrO3 implying a paramagnetic Gd3+ response.76 A sharp
increment in the HC below ~3 K observed in GdCrO3 was attributed to the onset of Gd3+ ordering.76
However, no such increment in the HC value was observed in the present DCO bulk where Dy3+
orders at 2.3 K. This discrepancy between the temperature dependence of HC of GdCrO3 and DCO
could be due to the anti-alignment of Gd with Cr moments compared with the alignment of Dy
with Cr moments near the ordering temperature of the respective rare earth ion.70 It should be noted
that to the best of our knowledge, this is the first report of this unusual magnetic behavior in DCO.
By measuring the magnetic behavior for several temperatures below TN and comparing the
magnetization at the same field across different temperatures, the MCE can be approximated. The
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Figure 4.2-5: The temperature dependence of the change in entropy of the present
sample as extracted from the data in Figure 4.2-4.

MCE is directly related to the slope of M vs. T at constant applied field.93 For the present DCO
sample, the MCE values were calculated at several applied fields from the isothermal
𝐻

𝜕𝑀(𝑇,𝐻)

magnetization curves using Δ𝑆𝑀 (𝑇, 𝐻) = ∫0 2 (

𝜕𝑇

) 𝑑𝐻, where ΔSM(T,H) is the change in
𝐻

entropy at constant magnetization (due to the MCE) as a function of temperature and field. The
MCE values for the present DCO sample are plotted in Figure 4.2-5. The MCE curve attains a
maximum value of 8.1 J/kg K at 12 K and 3 T and 8.4 J/kg K at 15 K and 4 T. It should be noted
that in DyMnO3, MCE value was reported to reach a maximum of 6.8 J/kg K at 10 K with an
applied field of 7 T.188 High MCE values at low applied field are advantageous for commercial
applications.93 To determine the feasibility of DCO for commercial application, the relative
cooling power (RCP), a figure of merit for MCE, can be estimated by using 𝑅𝐶𝑃 = |Δ𝑆𝑀,𝑚𝑎𝑥 | ×
𝛿𝑇𝐹𝑊𝐻𝑀 , where ΔSM,max is the peak MCE value and δTFWHM is the full width at half maximum of
the peak. For present sample, the RCP was calculated to be 196 J/kg and 217 J/kg using δTFWHM
of 24.2 K and 25.6 K from Gaussian peak fittings for 3 T and 4 T, respectively. This is comparable
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with the values of RCP reported for the MCE materials that have been studied for room
temperature applications.93 The large MCE and RCP values in the temperature region of 10 K–80
K make DCO a potential candidate for magnetic refrigeration.

4.2.4 Conclusion
In conclusion, a facile synthesis route for phase pure DyCrO3 was presented along with
magnetic characterizations. The phase purity of the sample was confirmed by x-ray diffraction and
Raman spectroscopy. X-ray photoelectron spectroscopy was used to determine that Cr3+ is the only
detectable valence state of Cr in the present DCO sample. From zero-field cooled and field cooled
measurements, Neel temperature, Curie constant, Weiss temperature, and net moment were
determined to be 146 K, 15.6 emu K/Oe mol, ~19.5 K, and 11.16 μB, respectively. The Neel
temperature was further confirmed with AC susceptibility measurements. Isothermal
magnetization loops were presented for DCO for the first time and an unusual trend in the
temperature dependence of the coercive field was found. The competition between the canted
antiferromagnetic Cr3+ sublattice and the paramagnetic Dy3+ sublattice was believed to cause a
peak in the coercive field around 80 K. The magnetocaloric effect for DCO was analyzed from the
isothermal magnetization loops. A large MCE value of 8.4 J/kg K at 15 K and 4 T was observed
with a relative cooling power of 217 J/kg, rendering DCO useful for magnetic refrigeration in the
temperature region between 5 K and 30 K.

4.3 Magnetocaloric properties of rare-earth substituted DyCrO3§
Recently, there has been a focus on the need for efficient refrigeration technology without
the use of expensive or harmful working fluids, especially at temperatures below 30 K. Solid state

§

Text and figures reprinted with permission from McDannald et al. J. Appl. Phys. 118, 043904 (2015). Copyright
2015, AIP Publishing LLC.
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refrigeration, based on the magnetocaloric effect mentioned in Section 1.3.6, provides a possible
solution to this problem. The RCrO3, especially DCO, with its large magnetic moment dysprosium
ion, are potential candidates for such an application. The Dy3+ ordering transition at low
temperatures (<10 K) likely causes a large magnetocaloric response in this material as was
discussed in Section 4.2. This study investigates the possibility of tuning the magnetocaloric
properties through the use of rare-earth substitution. Both Y3+ and Ho3+ substitutions were found
to decrease the magnetocaloric response by disrupting the R3+ ordering. Whereas Er3+ substitution
was found to increase the magnetocaloric response, likely due to an increase in the R 3+ ordering
temperature. The large magnetocaloric entropy change of Er3+ substituted DyCrO3 (10.92 J/kg K
with a relative cooling power of 237 J/kg at 40 kOe and 5 K) indicates that this material system is
well suited for low temperature (<30 K) solid state refrigeration applications.

4.3.1 Motivation
Solid state refrigeration technology is becoming increasingly important as an application
of functional materials.93 As was mentioned in Section 1.3.6, there are two temperature regimes
where this technology is critically important: near room-temperature and at cryogenic temperatures
(<30 K).187,195 A large portion of the global energy consumption is devoted to commercial and
domestic refrigeration near room temperature.93 Current vapor-compression technologies are
inefficient, having achieved only 10% of Carnot.93 Additionally, unlike conventional refrigeration
cycles, solid state refrigeration avoids the use of harmful greenhouse gases. At temperatures below
~30 K, the other technologically important temperature regime, the current prevalent technologies
are helium based refrigerators. Medical and scientific instrumentation such as superconducting
magnets depends on this costly means of refrigeration at these low temperatures. Furthermore, due
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to the developing global shortage of helium, the cost of helium liquefaction is only expected to
increase.196
Alternatively, the MCE can be used for solid state refrigeration and may provide an
efficient solution to the challenges of conventional refrigeration technology. MCE based
refrigeration devices have achieved efficiencies as high as 60% of the Carnot. 93 These devices
operate near the material’s magnetic phase transitions where the giant MCE is observed.197 The
latent heat associated with the ordering of the magnetic spin moments in the material at the
material’s magnetic transition causes the giant MCE.198 The magnetic field dependence of this
large change in entropy (ΔSM) is utilized in giant MCE systems.
Large MCE has been well studied for applications near room temperature using materials
such as doped LaMnO3.93 Traditionally, low temperature MCE research on oxides has focused on
gadolinium gallium garnet and its substitution with Fe.199 The rare-earth transition metal
perovskites are interesting for low temperature MCE since many of these materials show magnetic
transitions at the relevant temperatures.70,200,201 Recent work on TbMnO3, a magnetoelectric
multiferroic (ME MF), has reported large ΔSM at low temperature (~15 K).187 It was found that the
large ΔSM of TbMnO3 could be attributed to the magnetic rare-earth ordering.187,201 Another
advantage of ME MF materials, such as TbMnO3, is that by additionally coupling to electric fields,
the change in entropy could be enhanced due to a multicaloric effect.94 Recall from Section 4.2
that another ME MF material, DCO has recently been shown to be a potential candidate for high
MCE in the low temperature regime.202 The rare-earth sublattice in RCrO3 materials orders at low
temperatures (<10 K), 2.16 K in DCO.70,84,92 In these RCrO3 materials, the Cr3+ sublattice orders
in a G-type antiferromagnetic (AFM) order with a slight canting at temperatures ranging from 110
K to 230 K,70 and the magnetic interactions between the rare-earth and Cr3+ sublattices can cause
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a spin-reorientation transition.78,203 These magnetic transitions can contribute to the MCE. Since
large ΔSM in DCO has been reported near the ordering of the R3+ ions, the magnetic moment of the
R3+ ion is expected to influence the MCE behavior in this temperature regime. This work
investigates how rare-earth substitutions (Y3+, Er3+, and Ho3+) at the Dy-site in DCO affect the
magnetic behavior, which in turn affects the material’s MCE properties. Out of these ions, Y3+ is
non-magnetic and is expected to dilute the magnetic rare-earth ordering. ErCrO3 and HoCrO3 both
have strongly magnetic rare-earth ions that order at higher temperatures (6.5 K and 7.5 K,
respectively, as compared to Dy3+ in DCO).185,204 Therefore, Er and Ho substitution in DCO may
alter the rare-earth ordering temperature affecting its MCE properties.

4.3.2 Experimental
High purity precursors of Dy, Y, Er, Ho, and Cr along with citric acid were dissolved in
water and mixed in the desired stoichiometric ratios in a similar method to what was mentioned in
Section 4.1. The solutions were dried and the resultant powders were annealed for 2 h at 900 °C
to form DyCrO3 and Dy0.7R0.3CrO3 (R = Y, Er, and Ho, hereafter referred to as DYCO, DECO,
and DHCO) bulk powders. The structural properties of these powder samples were evaluated by
X-ray diffraction (Bruker D5) and by a Raman spectroscopy method using a 514 nm laser
(Renishaw System 2000). The magnetic characterizations of the samples were performed using a
vibrating sample magnetometer (VSM) option attached to an Evercool Physical Property
Measurement System from Quantum Design.

4.3.3 Results and Discussion
The θ–2θ scans of the X-ray diffraction (not presented here) show that the DCO and
Dy0.7R0.3CrO3 powder samples were phase pure and stabilize in an orthorhombically distorted
perovskite Pbnm phase. At room temperature, Raman spectroscopic data of the samples also
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exhibit the phase purity. Raman spectroscopy is sensitive to the phonon modes present in the
samples, which in turn are affected by the atomic mass at the lattice positions. In particular, the
first Ag and B2g modes of the orthorhombically distorted perovskite structure, to which the rareearth chromites belong (Pbnm), are strongly affected by the A-site atomic mass. This sensitivity
can clearly be seen in the Raman data of the present samples shown in Figure 4.3-1. As it can be
seen, the two Raman modes of DYCO are significantly shifted compared to their positions in the
other samples. This shift is toward the positions reported for YCrO3 and is expected for the
substitution of the much lighter Y3+ in place of the heavier Dy3+ ion.89,205 The Raman modes of
DECO and DHCO are slightly shifted from those of DCO as well. The shift in the position of the
Raman modes for DECO and DHCO is toward the positions of those modes for pure ErCrO3 and
HoCrO3.89
In order to investigate the effect of the substitutions on the magnetic properties, the
temperature dependence of the magnetic moment of the present samples was measured in zero

Figure 4.3-1: The Raman spectra of the (a) pure DyCrO3 (DCO) and (b) Y3+
(DYCO), (c) Er3+ (DECO), and (d) Ho3+ (DHCO) substituted DCO bulk powder
samples.
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field-cooled (ZFC) and field cooled (FC) modes with small applied DC magnetic field of 50 Oe.
Similar substitutions had a strong effect on the magnetic properties in the case of the ME MF rareearth manganites, which show potential MCE properties in the low temperature regime.201 For
example, Ho3+ substitution in TbMnO3 caused a weak ferromagnetic ordering (or spin-glass-like
transition) at 70 K, much higher than the 41 K ordering temperature observed in each of the parent
compounds (spiral AFM and E-type AFM for TbMnO3 and HoMnO3, respectively).206 The present
rare-earth substitutions are not likely to cause a change to the magnetic structure since each of the
parent RCrO3 compounds exhibit similar G-type AFM ordering. The Cr3+ sublattice of DCO is
known to exhibit a G-type canted AFM order with a Neel temperature (𝑇𝑁𝐶𝑟 ) of ~146 K.70 The peak
in the ZFC data for the present DCO sample (shown in Figure 4.3-2a) indicates the 𝑇𝑁𝐶𝑟 at 145 K.
It should be noted that each of the present rare-earth substitutions slightly lowered the 𝑇𝑁𝐶𝑟 , as can
be seen in Figure 4.3-2b–d. The 𝑇𝑁𝐶𝑟 of the DHCO, DYCO, and DECO samples were found to be
143 K, 142 K, and 141 K, respectively. The slight lowering of the 𝑇𝑁𝐶𝑟 of the present samples is

Figure 4.3-2: The field-cooled (closed symbols) and zero field-cooled (open
symbols) temperature dependence of the magnetic moment (M vs. T) of (a) DyCrO3
(DCO) and (b) Y3+ (DYCO), (c) Er3+ (DECO), and (d) Ho3+ (DHCO) substituted
DCO powder samples. Note that the all vertical axes are in log-scale.
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consistent with substitution of the respective rare-earth ions for Dy3+, since the 𝑇𝑁𝐶𝑟 of HoCrO3,
YCrO3, and ErCrO3 are lower than that of DCO.185,203,204 Additionally, the inset of Figure 4.3-2c
shows a clear change in slope of the FC magnetization in the DECO sample at 7.5 K. This change
in slope likely indicates a spin-reorientation transition that is known to occur in pure ErCrO3.185
The transition at 7.5 K of the DECO sample is further discussed in a later section.
Successive isothermal magnetization measurements (M vs H data) of the present samples,
as shown in Figure 4.3-3, were used to extract further information on effect of the rare-earth

Figure 4.3-3: Isothermal magnetization measurements between 5 K and 160 K for
(a) DyCrO3 (DCO) and (b) Y3+ (DYCO), (c) Er3+ (DECO), and (d) Ho3+ (DHCO)
substituted DCO.
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substitutions on the magnetic and magnetocaloric behavior of DCO. The isothermal magnetization
behavior in RCrO3 can be estimated as a superposition of a weak ferromagnetic component from
the Cr3+ sublattice and a strong paramagnetic component from the R3+ sublattice.202 As expected
for a non-magnetic ion (Y3+) substituent, DYCO has a reduced moment compared to that of the
pure DCO sample. The DECO and DHCO samples were also found to have slightly smaller
magnetic moments as compared to that of DCO. The temperature dependence of the coercive field
(not shown here) was obtained from the successive isothermal magnetization measurements.
Compared to DCO, DECO has slightly larger coercive field values from 125 K to 20 K and much

Figure 4.3-4: The magnetocaloric entropy change (ΔSM) at various magnetic fields
up to 40 kOe (or 4 T) as calculated from the isothermal magnetization
measurements for (a) DyCrO3 (DCO) and (b) Y3+ (DYCO), (c) Er3+ (DECO), and
(d) Ho3+ (DHCO) substituted DCO powder samples.
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smaller coercive field values below 15 K, while DHCO has a much higher coercive field values at
all temperatures. These changes to the magnetic behavior upon rare-earth substitution can likely
be attributed to the modified R-Cr magnetic interactions, which have been discussed elsewhere.207
The virgin curves of the isothermal measurements were used to extract the MCE properties
of the present samples. The entropy change due to the MCE is related to the slope of the
temperature dependence of the magnetization by the equation
𝐻

𝜕𝑀(𝑇,𝐻)

Δ𝑆𝑀 = ∫0 2 (

𝜕𝑇

) 𝑑𝐻 ,
𝐻

(4.3-1)

where T is temperature, H is magnetic field, M is the magnetic moment, and ΔSM is the change in
entropy at constant M as reported previously.93 It is important to note that Eq. 4.3-1 is valid for the
CGS system of units. Constant-field sections of the successive isothermal magnetization
measurements were created and subsequently differentiated. At each temperature, these data were
then numerically integrated up to the maximum field value to obtain the entropy change. Figure
4.3-4 shows these data for the present samples; several data trends are shown, which were
calculated by terminating the field integration at various field values up to 40 kOe. It should be
noted that a large ΔSM (10.85 J/kg K) is observed for the DCO at 40 kOe (or 4 T) and at 5 K (Figure
4.3-4a). This ΔSM is likely due to the Dy3+ ordering, which occurs at ~2.16 K.92 The strength of
the MCE depends on the change in magnetization with temperature.93 The ordering of the large
magnetic moments, such as the 10.63 μB of the Dy3+ ion, can cause a large change in magnetization,
and is therefore expected to have a large MCE, as is observed in DCO.
Additionally, the Dy3+ ordering is the only magnetic transition in DCO near the temperature
region where the large ΔSM is observed, which also suggests that Dy3+ ordering may cause the
large ΔSM. The non-magnetic Y3+ ion substitution for Dy3+ (i.e., in DYCO) decreased the ΔSM
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value (Figure 4.3-4b). Therefore, the large reduction of the ΔSM upon Y3+ substitution further
suggests that the Dy3+ ordering is the source of the large MCE observed in DCO. In order to
interpret the temperature dependence of the ΔSM of the DECO sample (Figure 4.3-4c), it must first
be mentioned that in ErCrO3 the moderately magnetic Er3+ moments order at ~6.5 K and the Cr3+
moments undergo a spin-reorientation transition at 22 K.185 As noted in the FC data of the present
DECO sample (inset of Figure 4.3-2c), there is a distinct change in slope at about 7.5 K. This
change in slope could either indicate a Cr3+ spin-reorientation or the R3+ ordering. As can be seen
in Figure 4.3-4, the Cr3+ ordering at 141 K resulted in only a small ΔSM. Therefore, a Cr3+ spinreorientation transition is not likely to cause a significant ΔSM. However, more data may be
required to confirm this. Since the ΔSM monotonically increases with decreasing temperature from
100 K to 5 K, the transition at 7.5 K does not significantly contribute to ΔSM and can therefore
likely be attributed to a spin-reorientation transition of only the Cr3+ moments. Rather, the large
ΔSM observed at low temperatures for the DECO sample is likely due to the R3+ ordering, which
occurs at temperature below 5 K (lowest in the temperature range of the measurement). This is
because, as was mentioned earlier, the ordering of these rare-earth ions with large magnetic
moments likely causes a large change in magnetization resulting in a large ΔSM. Of the present
samples, the ΔSM observed in DECO is the highest, i.e., 10.92 J/kg K (at 40 kOe and 5 K). Although
Ho3+ has a similarly large magnetic moment as for Dy3+, Ho3+ substitution was still found to reduce
the ΔSM as compared to that of DCO (see Figure 4.3-4d). This suggests that the R3+ ordering in
DHCO has been disrupted by the introduction of the Ho3+ ions. This reduction in the ΔSM due to
Ho3+ substitution is similar to what has been reported for Ho3+ substitution in TbMnO3.201
However, the ΔSM values of the present pure and substituted DCO samples are much higher than
those of the pure substituted bulk TbMnO3 materials.201 It should be noted that in TbMnO3 as well
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as in other rare-earth transition metal oxides, such as the hexagonal-DyMnO3, much larger values
of ΔSM can be obtained in single crystal form by applying the field parallel to the easy axis of
magnetization.187,208 Compared to other bulk materials, the value of ΔSM of the present DECO
sample is even larger than that reported recently for Fe substituted DCO (10.5 J/kg K).209
Relative cooling power (RCP) is a measure of heat energy that is extracted for each
refrigeration cycle. In order to further evaluate materials for their suitability in magnetic
refrigeration devices, the RCP value is typically reported as the product of the maximum ΔSM and
the full width at half maximum of the peak in the ΔSM. This product is an estimation of integral
over temperature of the ΔSM peak. In the present samples, the full peak is not observed since it
occurs below 5 K (minimum temperature at which the data were measured). Therefore, in the
present case the RCP values are calculated using

Figure 4.3-5: The temperature dependence of the relative cooling power (RCP) as
calculated, using Eq. 4.3-2), from the magnetocaloric entropy change (ΔSM) for (a)
DyCrO3 (DCO) and (b) Y3+ (DYCO), (c) Er3+ (DECO), and (d) Ho3+ (DHCO)
substituted DCO powder samples.
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𝑇

𝑅𝐶𝑃 = − ∫𝑇 2|Δ𝑆𝑀,40 𝑘𝑂𝑒 |𝑑𝑇.
2

(4.3-2)

In order to visualize the temperature dependence of the RCP, the integrand was evaluated from
high temperature (T2) to low temperature (T1), as depicted in Eq. (4.3-2). The temperature
dependence of the RCP value (using 160 K as T2) for each of the present samples is shown in
Figure 4.3-5. At 5 K, the RCP values of DCO, DYCO, DECO, and DHCO samples were found to
be 256 J/kg, 174 J/kg, 237 J/kg, and 211 J/kg, respectively. These values are higher than what were
reported for the rare-earth substituted TbMnO3.201 The dilution of the rare-earth ordering is likely
the cause for the reduction of ΔSM and RCP values in the present DYCO and DHCO samples as
compared to that of DCO. The Er3+ substitution, on the other hand, was found to increase the ΔSM
value. However, the increased sharpness of the ΔSM peak resulted in a smaller RCP value of DECO
(compared to that of DCO). Nevertheless, with such large values of ΔSM and RCP, DCO, and
DECO may be useful in magnetic refrigeration applications in the low temperature regime (<30
K). Because these materials are ME MFs, further studies are needed to explore how additionally
coupling to electric fields may increase the entropy change due to a multicaloric effect.

4.3.4 Conclusions
DyCrO3 and Dy0.7R0.3CrO3 (R = Y, Er, Ho) bulk powders were successfully synthesized
by a citrate route. These were found to be phase pure by X-ray diffraction and Raman spectroscopy
methods. The rare-earth substitutions were found to slightly reduce the Cr3+ ordering temperatures
compared to that of the pure DyCrO3. Isothermal magnetization measurements revealed that Y3+
substitution leads to a significant reduction in the strength of the magnetic moment. The Er3+
substitution was found to slightly increase the coercive field at temperatures between 125 K and
20 K and significantly decrease the coercive field below 15 K, while Ho3+ substitution significantly
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increased the coercive field in the entire measured temperature range. The entropy change due to
the magnetocaloric effect was calculated from the isothermal magnetization measurements, and
was found to monotonically increase with decreasing temperature down to 5 K for DyCrO3. The
large entropy change of DyCrO3 (10.85 J/kg K at 5 K and 40 kOe) is likely due to the Dy3+
ordering. Both Y3+ and Ho3+ substitutions were found to disrupt the R3+ ordering leading to smaller
entropy changes. The Er3+ substitution, however, leads to an increase of the entropy change (up to
10.92 J/kg K at 40 kOe and 5 K), possibly due to an increase in the R3+ ordering temperature. The
relative cooling power was calculated by integrating the entropy change over the measured
temperature range. Each of the present substitutions was found to decrease the relative cooling
power; possibly due to a reduction in the magnitude of the entropy change in the cases of Y3+ and
Ho3+ substitution and due to an increased sharpness of the entropy change in the case of Er 3+
substitution. The large magnetocaloric entropy change observed in DyCrO3 and its ability to be
tuned by Er3+ substitution signifies that this material system is promising for future solid-state
refrigeration devices.

4.4 Magnetic Exchange Interactions of Rare-Earth-Substituted
DyCrO3 Bulk Powders**
While the effects of the substitution of rare-earths R = Y, Er, and Ho on the magnetocaloric
properties of Dy0.7R0.3CrO3 were discussed in section 4.3, the magnetic properties of these
substituted samples can be studied to probe the nature of magnetism and related exchange
interactions in these materials. By fitting the temperature dependence of the magnetic
susceptibility to a modified Curie-Weiss law, which includes a correction for the Dzyaloshinskii-

**

Text and figures reprinted with permission from McDannald et al. Phys. Rev. B, 91, 224415 (2015). Copyright
(2015) by the American Physical Society.
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Moriya (DM) interaction, the strengths of the symmetric and antisymmetric Cr 3+-Cr3+ exchange
interactions were determined. It was found that the rare-earth substitutions had a slight effect on
the strength of the symmetric Cr3+-Cr3+ interaction (reflected in the slight changes in the Néel
temperatures) while the antisymmetric Cr3+-Cr3+ interaction remained unchanged. Isothermal
magnetic measurements of the samples at successive temperatures revealed a plateau in the
temperature dependent magnetic coercivity data, which was explained by the magnetic properties
of the substituted ions. It was found that the Y substitution lead to the reduction of the strength of
the magnetization and a larger peak value of magnetic coercivity as compared to that in pure
DyCrO3. The observed increase in coercivity with Er and Ho substitution can be attributed to an
increased R3+-Cr3+ interaction strength dominated by the DM mechanism.

4.4.1 Motivation
As was discussed in Section 1.3, single phase ME MFs simultaneously exhibit both
magnetic and ferroelectric orders. Such single phase ME MFs have been classified by D.
Khomskii, among others, into two categories.13,15,59 Recall from section 1.3 that the main
disadvantage with this class of type I ME MFs is that their ME coupling is usually weak due to
different ordering mechanisms. Type II ME MFs (such as TbMnO3), on the other hand have
intrinsically high ME coupling as the ferroelectricity is believed to be induced by some magnetic
order in the material.178,206 However, this magnetically driven ferroelectricity typically commences
at cryogenic temperatures (for example ~ 27 K for TbMnO3).178,206 As was discussed in Section
1.3.4, ME MFs with strong ME coupling at ambient temperature have great potential for their
applications in novel low-power random access memory (RAM) architectures, new
programmable, low-power logic gate designs, etc.29,30 Thus in order to design such ME MFs
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suitable for these applications, either the ordering temperatures of type II ME MFs needs to be
increased or the ME coupling in type I ME MFs need to be enhanced.
As was mentioned in Section 1.3.5, RCrO3 are an emerging class of ME MF materials in
which the reported onset temperatures for the magnetically driven ferroelectricity are much higher
(120 K to 250 K)71 compared to those of the respective rare-earth manganites (27 K in TbMnO3).9
For example, the G-type AFM ordering of Cr-moments, coinciding with the onset of electric
polarization, is observed below the Néel temperature ( TNCr ) of 157 K in TbCrO3.71 From neutron
diffraction studies of RCrO3 bulk samples it is known that Cr sublattice in each of these materials
exhibit G-type AFM with a slight canting.70 However, phenomenon of ferroelectricity and MF
properties in these chromites are not yet well understood. For instance, ferroelectric-paraelectric
transitions (as evidenced by pyroelectric current measurements) of a few RCrO3 have recently
been reported at their TNCr , categorizing these as type II ME MFs.71 Whereas, a few earlier studies
on RCrO3 (for R = Tb, Dy, Ho, Er, Yb, Lu, and Y) reported such ferroelectric transitions (nonzero electric polarization) at higher temperatures than their TNCr , which would place these materials
in type I ME MF category.87,88 Further, in ErCrO3, ferroelectric polarization was found to appear
at TNCr ≈ 133 K and disappear at 22 K, the spin re-orientation temperature (TSR), below which the
weak ferromagnetism (FM) associated with the Cr-sublattice also disappears.71 However, even
though SmCrO3 showed TSR (as in ErCrO3), no such disappearance of ferroelectric polarization
was observed.71 Evidently there are discrepancies in multiferroic properties of RCrO3 compounds
and the mechanism for the magnetic driven ferroelectricity is not clear. Thus, more studies are
needed in order to clarify the ordering behaviors of this class of materials. From current literature,
it is obvious that a crucial first step in interpreting the electric properties of these bulk RCrO3
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materials is to have a clear understanding of their magnetic behavior. The complex interactions
between the two kinds of magnetic ions (R3+ and Cr3+) exhibit a variety of magnetic phenomena
in these compounds. Even though it is clear that the magnetic moment of the R-ion also plays a
role in determining the ferroelectric properties of RCrO3 (no polar order when R is nonmagnetic)71; it is not clear how the different magnetic transitions and interactions in such chromites
will be modified with the substitution of a non-magnetic, a significantly magnetic, or a strongly
magnetic R-ion, as has been studied in TbMnO3.210–213 Such studies could lead to not only
improved insights into magnetic interactions but also shed light into the mechanism of
magnetically driven ferroelectricity, which can further lead to an enhancement of their electric
polarization values.
In this work, DCO was chosen as a parent compound due to the high magnetic moment of
Dy3+ and prepared by citrate method. The Y3+, Er3+, and Ho3+ were substituted for Dy3+ in DCO
serving as the non-magnetic, significantly magnetic, and strongly magnetic substituting ions,
respectively. To the best of our knowledge, this is the first report on the magnetic properties of the
A-site rare-earth substitution in RCrO3.

4.4.2 Synthesis and Structural Characterization
Similarly to Section 4.2.2, DCO and Dy0.7R0.3CrO3 (for R=Y, Er, and Ho, hereafter referred
to as DYCO, DECO, and DHCO) powders were prepared by a citrate chemical solution route.
Stoichiometric ratios of nitrates of Dy, Y, Er, Ho, and Cr were dissolved in water and mixed. Citric
acid was added to this solution. These solutions were then dried and annealed at 900°C for 2 hours
in an O2 environment. Powder X-ray diffraction (XRD) measurements were performed on a Bruker
D5 diffractometer using Cu-Kα radiation. Raman spectroscopy measurements were taken using a
514 nm wavelength Argon laser. The XRD and Raman spectroscopy data were utilized to evaluate
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the structural properties and phase purity of the samples. DC magnetization values were measured
using the Vibrating Sample Magnetometer (VSM) option attached to the Evercool Physical
Property Measurement System (from Quantum Design).
Table 4.4-I: The magnetic moment (μ), ionic radii (r), and atomic mass (m) of the
rare-earth and Cr ions relevant to this study. Note that the rare-earth ionic radii here
are compared in 9-fold coordination, whereas the Cr ion is presented in 6-fold
coordination.
Dy3+

Y3+

Er3+

Ho3+

Cr3+

μa (μB)

10.65

0

9.58

10.61

3.87

rb (Å)

1.083

1.075

1.062

1.072

0.615

mc (u)

162.5

88.9

167.3

164.9

52.00

a

References 73,214.
b
Reference 215.
c
Reference 205.

Figure 4.4-1: X-ray diffraction data of the present DCO and rare-earth substituted
DCO samples.
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Figure 4.4-2: Histograms of the crystallite (a) size and (b) strain in the present
powder samples, as determined by the Williamson-Hall216,217 analysis.

DCO has been shown to form in an orthorhombically distorted perovskite (ABO3) structure
with space group Pbnm.70 The Dy3+ at the A-site of the structure has 12-fold coordination, while
the Cr3+ ions are located at the octahederally coordinated B-sites. The XRD measurements are
presented in Figure 4.4-1 to demonstrate the effect of the chemical substitution on the structure of
DCO. It is noted that in spite of similarities in the ionic radii of the substituted ions (presented in
Table 4.4-I), the shifts in the positions of the XRD peaks of these compounds (relative to the
positions observed in pure DCO) could be detected reflecting the change in lattice parameters (as
presented in Table 4.4-II). The lattice parameters were calculated from peak fittings of the (020),
(022), and (202) reflections in the XRD -2 scans. Table 4.4-II also presents the lattice parameters
of YCrO3, ErCrO3 and HoCrO3 reported earlier.89 The lattice parameters of all the substituted
samples are between the lattice parameters of DCO and those of the respective pure RCrO 3
compound. It is worth noting that no additional Bragg lines due to secondary phases were detected
in the substituted powder samples, confirming the effectiveness of this solution based synthesis to
prepare single phase samples. The full widths at half maximum of the XRD peaks, as determined
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by Pearson 7 peak fitting, were used to estimate the crystallite size using the Williamson-Hall
analysis:216,217
𝛽 cos(𝜃) =

𝐾𝜆
𝑡

+ 𝜂sin(𝜃)

(4.4-1)

where t is the crystallite size, K is the dimensionless shape parameter (0.89 was used in this study
in accordance to earlier reports of synthesis of similar materials)218,219, λ is the wavelength of the
X-ray beam, and β is the full width at half maximum of the diffraction peak at the Bragg angle (θ),
and η is the strain. The crystallite sizes determined by this method have large uncertainties arising
from mean-squared-error between the data and the fitting to Eq. 4.4-1. The crystallite sizes of all
the present samples were found to be in the range of 90 - 200 nm (Figure 4.4-2a) signifying
essentially bulk-like materials. The large uncertainties in the magnitudes of t evident in Figure
4.4-2a result from the inherent weakness of the XRD method to accurately determine crystallite
sizes greater than about 50 nm as the widths of the lines become smaller for larger sizes. The
present samples have larger crystallite sizes than that reported for hydrothermally synthesized
GdCrO3.220 It should be noted that each of these samples were found to have less than 1%
compressive strain (Figure 4.4-2b). This lattice strain likely results from distribution of defects
caused by the synthesis route.221 Additionally, the substitutions in the present samples will affect
the strain state.
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Table 4.4-II: The lattice parameters (a, b, and c), and unit cell volume (V) of the
present samples. The lattice parameters of the pure RCrO3 compounds are also
presented here.
Samples (present study)
DCO
DYCO DECO DHCO
a (Å)
5.276
5.266
5.263
5.261
b (Å)
5.529
5.526
5.529
5.521
c (Å)
7.555
7.542
7.546
7.547
3
V (Å )
220.379 219.501 219.585 219.176
d
89
Reference .

Pure RCrO3d
YCrO3
ErCrO3

HoCrO3

5.255
5.52
7.536
218.606

5.243
5.533
7.534
218.554

5.214
5.503
7.504
215.303

Figure 4.4-3: Raman spectra of the present DCO and Y, Er, and Ho doped DCO
samples.

The Raman spectra of the four samples measured at room temperature are compared in
Figure 4.4-3. The orthorhombic Pbnm structure (or equivalently Pnma by a shift of indices) of
RCrO3 materials such as DyCrO3 has 24 Raman active modes: ΓRaman = 7Ag + 5B1g + 7B2g +
5B3g.222 In the chromites as well as the orthorhombic manganites, most of these phonon modes
shift to low frequency with the increase in the ionic radii of the R-ion.89,223 These Raman modes
are sensitive not only to changes in the average ionic radii, but also to changes in the average
atomic mass.89 The sensitivity to atomic mass can be used to confirm substitutions into the parent
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Figure 4.4-4: The temperature dependent ZFC (open symbols) and FC (closed
symbols) DC magnetic measurements of (a) DCO, (b) DYCO, (c) DECO, and (d)
DHCO show how the magnetic behavior is affected by chemical substitution.

compound, as seen in the Raman spectra of the present samples (Figure 4.4-3). This is especially
evident in the case of the present DYCO sample. While the atomic radii of all the substitute ions
used in this study are similar, Y3+ is a much lighter element than Dy3+, Er3+, or Ho3+. Therefore,
Y3+ substitution is expected to significantly shift the position of Raman peaks whose corresponding
phonon modes strongly depend on the A-site atomic mass. It should be noted that if there was any
phase separation (i.e. Dy3+-rich and substitute-rich regions within the bulk), mode splitting could
be expected.224 However, in the present samples no such mode splitting is observed. In an earlier
Raman scattering study of pure RCrO3 compounds, it was found that the first Ag and B2g modes in
the Raman spectrum strongly depend on the A-site atomic mass.89 For DyCrO3 and HoCrO3, the
first Ag and B2g modes in both compounds were found at ≈ 141 cm-1 and 161 cm-1, while for YCrO3
these two modes were reported at 185 cm-1 and 218 cm-1, respectively.89 Thus, in the present
sample, Y3+ substitution is expected to shift the first Ag and B2g modes to higher wavenumbers as
compared to those in pure DyCrO3. This is the case for the present DYCO sample, as observed
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and plotted in Figure 4.4-1b. The Raman spectra for DECO and DHCO samples show only small
deviations in the positions of the phonon modes from those observed in DCO. The results of the
Raman spectroscopy measurements further corroborate the phase purity of each sample as seen in
the XRD measurements.

4.4.3 Results from the Magnetic Measurements and Discussion
4.4.3.1 Temperature Dependence of Magnetic Properties
The temperature dependence of the magnetization of the pure and rare-earth ion substituted
DCO samples in a measuring field H = 50 Oe for the zero-field cooled (ZFC) and field cooled
(FC) cases are shown in Figure 4.4-4. There are substantial changes in the measured magnetization
as a result of substitution of DCO. For example, Y3+ substitution decreases the magnitude of the

Figure 4.4-5: The temperature dependence of the magnetic susceptibility multiplied
by (a) the temperature (χT) and (b) its derivative {d(χT)/dT} using the field cooled
magnetization values for each of the present samples. The peaks in (b) indicate the
magnetic transition temperatures (Cr3+ ordering in this case).
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FC magnetization at all temperatures (see Figure 4.4-4b) as compared to that of pure DCO (see
Figure 4.4-4a). Such behavior is expected due to the non-magnetic nature of the Y3+ ion. Er3+ on
the other hand is magnetic, which leads to a similar, but slightly higher, magnetization compared
to DCO, as observed in the FC data (Figure 4.4-4c) Unlike Dy3+, Er3+ moments are known to
antialign with the net Cr3+ moments in ErCrO3.70 Thus, in the present DECO sample two
competing R3+-Cr3+ exchange interactions are expected. It is noted that there is a distinct change
in slope in the FC data for DECO at ≈ 7.5 K indicating the onset of a magnetic transition. In
ErCrO3, a spin reorientation transition of the Cr3+ moments was reported at 22 K, which is thought
to be caused by the strong Er3+-Cr3+ interaction.70,71 Therefore, in the present case it can be
concluded that the R3+-Cr3+ interaction is strongly modified (relative to DCO) by the substitution
of Er3+.
The FC magnetization values of the DHCO sample (as shown in Figure 4.4-4d) are higher
than those of DCO sample. The higher magnetization of the Ho3+ substituted sample seems to
suggest cooperative alignment between Ho3+ moments and the net Cr3+ moments. Reports of ZFC
measurements in pure HoCrO3 show negative magnetization, which was believed to be caused by
a small antialigning Ho3+-Cr3+ interaction.83,184 Su et al.

184

posit that with no applied magnetic

field, the Ho3+ ions antialign to the weak ferromagnetic signal from the Cr3+ sublattice; this
antialignment is then overcome in the FC measurements by the strength of the measuring field
(100 Oe used in Ref.184). In the present DHCO sample, since Dy3+ and Ho3+ have similar magnetic
moments, a more complete alignment of the rare-earth moments to the Cr3+ contribution is needed
to explain the higher magnetization in the FC measurements of DHCO as compared to DCO. In
the ZFC measurements the magnetization of DHCO is somewhat smaller than in DCO. Therefore,
in the case of the present DHCO sample it can be concluded (following the interpretation of Su et
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al. 184) that the Ho3+-Cr3+ interaction tends to antialign the Ho3+ and Cr3+ moments, but is overcome
at low applied fields (50 Oe in present case) leading to co-alignment.
For an accurate determination of the TNCr of the present samples, the susceptibility times
the temperature (χT) values and its derivative with respect to temperature {d(χT)/dT} were plotted
against T as shown in Figure 4.4-5. The temperature variation of this term, d(χT)/dT, is similar to
the variation of the heat capacity in antiferromagnets and therefore it provides an accurate measure
of the magnetic ordering temperature.216,225,226 As the lattice parameters (and chemical
compositions) of the present samples were modified through chemical substitution, it is expected
that the Néel temperatures were affected as well. As mentioned earlier, the magnetic ordering of
RCrO3 materials are quite similar and the TNCr values of the pure RCrO3 compounds (for R = Dy,
Y, Er, Ho) are only a few degrees apart.70,83,227 In an earlier study, the TNCr in DyCrO3, YCrO3,
ErCrO3, and HoCrO3 were reported to be at 147 K, 140 K, 135 K, and 140 K, respectively. 227 In
the present samples, there were only slight changes in the lattice parameters and correspondingly
slight changes in the observed TNCr values (presented in Table 4.4-III). Each of the substituents
used in this study have a smaller ionic radius than that of Dy3+ and caused a slight decrease in the
TNCr .

In most materials, the temperature dependence of the magnetic susceptibility data well
above TN can be fitted to the Curie-Weiss law. However, in the present material system, near the
TNCr , the susceptibility can deviate from this behavior. This deviation was modeled by Moriya for

the case of weak ferromagnets (canted antiferromagnets) to account for the antisymmetric
exchange interaction now known as the Dzyaloshinskii-Moriya (DM) interaction.75 Parallel to the
easy magnetization axis of the crystal the susceptibility follows the Curie-Weiss law. However,
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Figure 4.4-6: (a)-(d) The temperature dependence of the inverse susceptibility (1/χ)
for the present pure and Y, Er, and Ho doped DyCrO3 samples. Each plot shows
the fitting to the Curie-Weiss law modified by the DM interaction (solid line) from
Eq. 4.4-2 and the associated mean-squared-error (MSE).

perpendicular to the easy axis the susceptibility 𝜒 must account for the DM interaction. Since the
present samples are powder (polycrystalline) samples, it is not possible to independently measure
parallel and perpendicular susceptibilities; thus the effect of the perpendicular 𝜒 will be dominant
for the powder sample. Therefore, we have modeled the measured powder susceptibility by Eq.
4.4-2 with the (T – T0)/(T- TN) resulting from the effect of the DM interaction.75
𝐶

(𝑇−𝑇 )

0
𝜒 = (𝑇−Θ) (𝑇−𝑇 𝐶𝑟
)

(4.4-2)

𝑁

where χ is the total DC susceptibility of the sample, T is the temperature, C is the Curie constant,
Θ is the Weiss temperature, TNCr is the Néel temperature for Cr ordering as mentioned before, and
T0 is a fitted parameter. For the data of each sample above TNCr , the data of inverse 𝜒 vs. T was
fitted to Eq. (4.4-2) with the fitting shown in Figure 4.4-6 and the evaluated parameters listed in
Table 4.4-III. The excellent fits evident in Figure 4.4-6 results from combining the parallel and
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perpendicular contributions to the susceptibility into a single term for the powder sample, as in Eq.
4.4-2. The parameters C, TNCr , T0, and Θ were all taken as adjustable parameters of the fitting and
the extracted values are also presented on Table 4.4-III. It should be noted that the TNCr value as
obtained by the d(χT)/dT method agree with those acquired from the modified Curie-Weiss law
presented earlier. It is noted that the effect of the (T- T0)/(T - TNCr ) term in Eq. (4.4-2) is important
only near TNCr resulting in the sharp drop in inverse χ because the difference between TNCr and T0
is less than one degree.
Information about the exchange interactions (Je) between Cr3+ ions (Cr3+-Cr3+ interactions)
can be extracted from the parameters obtained in the aforementioned modified Curie-Weiss law.
The other exchange interactions present in the samples (such as the R3+-R3+ and R3+-Cr3+
interactions) will not contribute to the information contained in TNCr and T0 since the Cr3+ ordering
temperature is well above the Dy3+ ordering temperature. Following Moriya,75 expressions for TNCr
and T0
𝑇0 =

𝑇𝑁𝐶𝑟

=

2𝐽𝑒 𝑍𝑆(𝑆+1)

2𝐽𝑒 𝑍𝑆(𝑆+1)
3𝑘𝐵

(4.4-3)

3𝑘𝐵

𝐷

2

[1 + (2𝐽 ) ]
𝑒

1⁄
2

(4.4-4)

can be used to provide semi-quantitative analysis of the strength of symmetric (Je) and
antisymmetric (D) exchange interactions only between Cr3+ ions. In Eqs. 4.4-3 and 4.4-4, Z is the
coordination of Cr3+ with respect to Cr3+ (i e. 6 in the present case), S = 3/2 is the spin quantum
number of Cr3+, and kB is Boltzmann’s constant. Each of the substitutions in the Dy-site resulted
in a slight reduction in the Je reflecting the similar drop in TNCr value. The estimated magnitudes of
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D in Table 4.4-III are about 20 % of the magnitudes of Je and are nearly the same for all the four
samples
The Weiss constants as obtained from the fitting to the aforementioned modified CurieWeiss law are negative for each of the present samples, indicating AFM order as expected. The
effective magnetic moment (μeff) of the present sample is calculated from the Curie constant using:

𝐶=

2
𝑁𝜇𝑒𝑓𝑓

(4.4-5)

3𝑘𝐵

where N is Avogadro’s number and kB is the Boltzmann constant. Ho3+ and Dy3+ have similar
magnetic moments, and therefore μeff of the DCO and DHCO samples were found to be similar.
Er3+ has comparatively smaller magnetic moment that resulted in the reduction of the μeff of the
DECO sample. The non-magnetic Y3+ ion substitution has the largest impact resulting in a
significant reduction of the μeff of the DYCO sample. As presented in Table 4.4-III, the observed
magnetic moment values of the present samples are close to those estimated from the free-ion
moments using the equation:
2
2
𝜇𝑒𝑓𝑓 = [(1 − 𝑥)𝜇𝐷𝑦
+ (𝑥)𝜇𝑅2 + 𝜇𝐶𝑟
]

1⁄
2

(4.4-6)

where x = 0.3 for the substituted samples and the magnetic moments of different ions are from
Table 4.4-I.
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Table 4.4-III: The magnetic parameters resulting from fitting the susceptibility data
to Eq. 4.4-2. The Néel temperature TNCr (K), the fitting parameter T0 (K), the
symmetric exchange constant Je (K), the antisymmetric exchange constant D (K),
the Weiss temperature Θ (K), Curie constant C (emu K Oe-1 mol-1), and effective
magnetic moments μeff (μB).
Cr †

TN

TNCr
T0

Je
D
Θ
C
μeff
μeff

‡

DCO
145.0

DYCO
142.3

DECO
140.8

DHCO
143.4

144.98 ± 0.04

142.93 ± 0.04

140.97 ± 0.03

143.90 ± 0.04

144.1 ± 0.1
9.608 ± 0.007
2.1 ± 0.1
-61 ± 7
17.2 ± 0.4
11.7 ± 0.1

142.2 ± 0.1
9.479 ± 0.006
1.9 ± 0.1
-48 ± 5
10.3 ± 0.2
9.08 ± 0.09

140.3 ± 0.1
9.351 ± 0.005
1.9 ± 0.1
-52 ± 5
15.3 ± 0.3
11.1 ± 0.1

143.1 ± 0.1
9.542 ± 0.007
2.0 ± 0.1
-59 ± 6
16.3 ± 0.3
11.4 ± 0.1

11.312

9.699

11.03

11.304

†

The Néel temperature TNCr (K) as measured by the d(χT)/dT method.
‡
The effective magnetic moment as estimated by Eq. 4.4-5.

Figure 4.4-7: (a)-(d) Isothermal magnetization measurements at 60 K for each of
the present pure and Y, Er, and Ho doped DyCrO3 samples. The magnetic behavior
presented here is representative of the magnetic behavior observed at other
temperatures.
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4.4.3.2 Hysteresis Loop Parameters and their Temperature Dependence
Isothermal magnetization (M) versus applied magnetic field (H) loops were acquired at select
temperatures between 5 K and 160 K (in steps of 5 K) and in magnetic fields up to 40 kOe.
Representative hysteresis loops for the four samples at one temperature viz. 60 K are shown in
Figure 4.4-7. The magnetic hysteresis loops for all the four samples investigated here viz. DCO,
DYCO, DECO, and DHCO show the presence of a weak ferromagnetic component (MWF) and a
linear component, with MWF not saturating till about 25 kOe. Following the analysis of the data
above TN, the origin of MWF is related to the canting of the Cr3+ spins, whereas the linear component
is clearly evident above 25 kOe in the plots of Figure 4.4-7. The linear component contains
contributions from the antiferromagnetic susceptibility of the Cr3+ sub-lattice and paramagnetic
(and antiferromagnetic) susceptibility of the R3+ ions above (and below) their ordering
temperatures. In addition to Cr3+-Cr3+ exchange interactions determined in Table 4.4-III from the

Figure 4.4-8: (a) The temperature dependence and (b) sample to sample variance
of the remnant magnetization (MR), as extracted from successive isothermal
magnetization measurements.
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analysis of the paramagnetic susceptibility, the other weaker exchange interactions of R3+-R3+ ions
and R3+-Cr3+ need to be considered in discussing the properties at lower temperatures.
The temperature dependence and sample to sample variance of the magnetic remanence
(MR) obtained from the hysteresis loops (of the form given in Figure 4.4-7) are shown in Figure
4.4-8a-b, respectively. It should be noted that the temperature dependence of the MR in each sample
follows a similar trend to the FC measurements discussed earlier, with DHCO showing the
strongest magnetization and DYCO showing the weakest. Additionally, the temperature
dependence and sample to sample variance of the coercivity (HC) were also obtained from the
isothermal magnetization measurements and are shown in Figure 4.4-9a-c, respectively. For HC,
the temperature dependence has a general trend with decrease in temperature below TNCr : HC first
increases reaches a broad plateau, and then decreases with further decrease in temperature. Such a
broad peak in the temperature dependence of HC data was recently reported for pure DCO bulk202
and was qualitatively interpreted on the basis of superimposing Cr3+ and Dy3+ magnetic sub-

Figure 4.4-9: (a) The temperature dependence and (b) sample to sample variance
of the coercive magnetic field (HC) at each temperature from 5 K to 70 K, and (c)
from 75 K to 145 K in 5 K increments.
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lattices.202,228 There are two aspects of these results, which require interpretation viz. variations
with temperature and variations with substitution across the samples. In all cases, the present rareearth substitutions in DCO lead to an increase in HC values (in the plateau region) as compared to
that of pure DCO.
Looking at the temperature variation data, the initial increase in HC with decrease in
temperature below TNCr in Figure 4.4-9a is due to the well–known temperature dependence of
magneto-crystalline anisotropy constant (KA).229 In the Stoner-Wohlfarth (SW) model for a singledomain magnetic particle, HC is directly proportional to the magneto-crystalline anisotropy.229 In
systems with uncompensated moments but without magnetic impurities, continuous increase in HC
with decrease in temperature below TN or TC has been reported.230,231 In the SW model, HC is
related to KA by the equation: HC = (KA / MS), where MS is the saturation magnetization. The MS =
0 at and above TN and for T < TN, MS has the approximate temperature dependence of the Brillouin
function. In addition, it is known that the temperature dependence of KA ~ (MS)n where n can be as
large as 10229 and it is often system dependent. Thus, from magneto-crystalline anisotropy alone,
HC value should continue to increase with decrease in temperature below TNCr .
Experimentally, the temperature dependence of HC in the present material systems (Figure
4.4-9a) shows a plateau followed by the reduction of HC values at lower temperatures. Therefore,
an additional mechanism has to be operative here to yield such variation. It is known that in a
system with domain walls, coercivity can also be strongly affected by defects, grain boundaries,
and other imperfections, which might pin-down the domain walls and hence impede domain
rotation as the magnetic field is varied.73 In the present case, all our samples were synthesized
using the same process resulting in essentially similar crystallite (grain) sizes of about 100 nm or
larger and similar strains (see Figure 4.4-2). Although, the presence of strain and smaller grain
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sizes are known to increase HC232, these are likely not the reason for increase in HC with
substitution in the present samples. Instead, the sample to sample increase in HC (as shown in
Figure 4.4-9b-c) is likely to be due to the dopant ions with their different magnetic moments acting
as impurities and impeding the rotation of exchange-coupled Cr3+ moments. The R3+ ions can also
exhibit a single-ion anisotropy related to the strength of the quadrupole moments of the partially
filled f-obitals. The trend in quadrupole moments for the R3+ ions reported by Skomski
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does

not correlate with the HC trends seen in Figure 4.4-9. However, at lower temperatures the weaker
R3+-Cr3+ exchange coupling becomes operative due to lowering of the thermal energy. Thus, the
magnetic moment of the dopants can now rotate with the Cr3+ moment thus lowering the measured
HC. This effect becomes increasingly important with decrease in temperature, providing a
qualitative interpretation of the data in Figure 4.4-9. In the sample to sample variation of HC at
different temperatures in Figure 4.4-9b, the observed decrease of HC at 5 K and 10 K for DECO
sample support this argument since below about 10 K, Er3+ moments become ordered
antiferromagnetically. Substituting non-magnetic Y3+ for Dy3+ in DyCrO3 resulted in larger peak
coercivity (as seen in Figure 4.4-9) since the ferromagnetic Cr3+ sublattice contributes a larger
portion of the net magnetization. The stronger exchange interaction of Ho3+ with Cr3+ is likely
responsible for the largest change in HC across the samples in Figure 4.4-9b-c. The isotropic
exchange interactions cannot contribute to the coercive field,73 it can be concluded that the Er3+
and Ho3+ substitutions increase the anisotropic component (i.e the DM interaction) of the exchange
interactions. From our analysis of the M vs. T data summarized in Table 4.4-III, the DCr-Cr remains
constant across the samples. The R3+-R3+ is weak and not expected to significantly affect the
magnetic properties above the rare-earth ordering temperature,76,78 leaving only anisotropic
component of the R3+-Cr3+ interaction to account for the observed differences in the coercive fields
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of the present samples. This is consistent with previous optical absorption studies, which found
that the DM interaction dominates the Er3+-Cr3+ and Ho3+-Cr3+ interactions in the respective
compounds.234,235 These studies show important information on the fundamental magnetic
exchange parameters of DCO and Dy0.7R0.3CrO3 (for R=Y, Er, and Ho) obtained from simple
magnetization measurements.

4.4.4 Conclusions
In summary, a solution based citrate route provided a facile synthesis route for phase pure
DyCrO3 and Dy0.7R0.3CrO3 (for R=Y, Er, and Ho) as confirmed by X-ray diffraction and Raman
spectroscopy techniques. The temperature dependent DC magnetic measurements revealed only
slight changes to the Néel temperatures with rare-earth substitutions in DyCrO3. These slight
changes are reflected in the isotropic exchange interaction (Je; between Cr3+ ions) values obtained
from fitting to the Curie-Weiss law modified by the DM interaction. An estimation of the strength
of the DM interaction (D) was also obtained. This small D (between Cr3+ ions) was found to be
unaffected by the rare-earth substitutions. Successive isothermal magnetization measurements
revealed a plateau in the temperature dependence of the coercivity in each of the samples. The
decrease in coercivity at the lower temperatures is interpreted in terms of exchange coupling of the
R3+ sublattice to the Cr3+ sublattice. The increase in coercivity in the measured temperature range
in the Er3+ and Ho3+ substituted samples compared to the pure DyCrO3 sample is attributed to the
variance of the DM component of the R3+-Cr3+ interactions.
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4.5 Bond lengths and angles and how they relate to TN
4.5.1 Motivation
In the previous study, Section 4.4, the effect of Y, Er, and Ho substitutions in DyCrO3
(DCO) on the magnetic exchange interactions were discussed. As was mentioned earlier, DCO,
among the other rare-earth chromites, may belong to the magnetically driven ferroelectric class of
ME MFs. The ME and ferroelectric properties of the materials would therefore be strongly affected
by changes to the magnetic structure. The rare-earth substitutions in DCO were found to slightly
decrease the isotropic component of the Cr-Cr (Je) exchange interaction, while the anisotropic
component (the Dzyoshlinskii-Moriya, DM, interaction) of the Cr-Cr interaction (D) remained unaffected. The slight decrease in Je manifests as a slight decrease in the Neel temperature (TN) of
the Cr-sublattice. However, in order to be used in devices it is important that these materials are
ME active at the technologically relevant temperatures. Therefore, the solid solution of DCO with
NdCrO3 (NCO) was investigated as a means of shifting the TN higher, bringing it closer to room
temperature. NCO is isostructural with DCO, both having the space group Pbnm. In NCO, the
magnetic ordering of the Cr sublattice into the Γ2 structure (G-type antiferromagnetism with the
moments along the c-axis and a canting toward the a-axis) occurs at 220 K.70,236 Due to the strong
Nd-Cr interaction, there is a spin reorientation transition of the Cr3+ moments at 35 K from Γ2 to
Γ1 (G-type antiferromagnetism with the moments along the b-axis and no canting).78,236 The radius
of the Nd3+ ion is 1.27 Å, much larger than that of Dy3+ (1.083 Å).215 Therefore, in contrast to the
case of Y, Er, or Ho substitution, the incorporation of the Nd3+ ions into DCO are expected to
significantly affect the bond lengths and angles, as well as the TN.
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Figure 4.5-1: The Rietveld refinement of the x-ray powder diffraction of Dy1xNdxCrO3 for x = 0.67, which is representative of the other samples in the solid
solution. The Pbnm structure fits the diffraction data well.

4.5.2 Experimental
Bulk powder samples of Dy1-xNdxCrO3 (x = 0, 0.33, 0.67, 1) were synthesized by a citrate
method, similarly to what was described in Section 4.1. Stoichiometric ratios of nitrates of Dy,
Nd, and Cr were dissolved in water then mixed to form the precursor solution. A solution of citric
acid was added as the chelating agent. This solution was then dried and subsequently annealed at
900°C for 2 hours in O2. The x-ray diffraction measurements were performed on a Buker D5005
using Cu-Kα radiation. The bond lengths and angles were determined by Rietveld refinements of
the x-ray powder diffraction patterns using FullProf.103 The temperature dependence of the
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Figure 4.5-2: The temperature dependence of the magnetization for Dy1-xNdxCrO3
for x = (a) 0, (b) 0.33, (c) 0.67, and (d) 1. Note that the vertical axis is log-scale.
The Neel temperature systematically increases with increasing x, but at the cost of
decreasing the magnetization.

magnetization was measured using the Vibrating Sample Magnetometer option of the Physical
Property Measurement System from Quantum Design.

4.5.3 Results and Discussion
Figure 4.5-1 shows a representative Rietveld refinement of the diffraction pattern for x =
0.67. The refinement of the diffraction patterns for each of the samples in the present solid solution
required only a single structural phase: Pbnm. In this orthorhobically distorted perovskite structure
there are 4 formula units in each unit cell and the R3+ ions occupy the 4c Wycoff positions, the
Cr3+ ions occupy the 4b Wycoff positions. There are two inequivalent positions in this structure
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Figure 4.5-3: A strong linear correlation can be seen between the Neel
temperature (TN) and the a lattice parameter of Dy1-xNdxCrO3.

for the O2- ions. There are 4 O1 ions at the 4c positions, and 8 O2 ions at the 8d positions. No
impurity phases could be detected by the refinement, therefore each of the samples is thought to
be phase pure.
The temperature dependence of the magnetic moment in both the zero-field cooled (ZFC)
and field cooled (FC) modes is shown in Figure 4.5-2. As can be seen the TN systematically
increases with increasing x. However, this increase in the transition temperature comes at the cost
of a decrease in the magnetization.
As can be seen in Figure 4.5-3, there is a strong linear correlation between the a lattice
parameter and the TN. The a lattice parameter systematically increases with increasing x, and this
corresponds to the systematic increase in the TN. As discussed in the previous study, the TN is
strongly dependent on the strength of the isotropic component of the Cr-Cr interaction, Je. The
exchange interactions can be largely predicted by the Goodenough-Kanamori rules for
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Figure 4.5-4: The relation between the Cr-O2-Cr bond angle and the Neel
temperature (TN) of the DyCrO3, Dy0.7R0.3CrO3 (for R = Y, Er, and Ho), and Dy1xNdxCrO3 (x = 0, 0.33, 0.67, and 1).

superexchange. For the case of Cr3+ ions with Cr-O-Cr bonds are between 120° and 180°, the
exchange should be antiferromagnetic.
The Cr-O-Cr bond angles and lengths, for both the O1 and O2 positions, were determined
from the Rietveld refinements of the x-ray diffraction patterns. Table 4.5-I compares the structural
and magnetic exchange information of not only the present DCO-NCO solid solution samples, but
also the aforementioned Y, Er, and Ho substituted DCO (referred to as DYCO, DECO, and DHCO,
respectively). The exchange interactions were determined from the fitting to the Curie-Weiss law
that was modified to account for the DM interaction, as developed in Section 1.4.207 There is a
systematic trend between the Cr-O2-Cr bond angle and the TN, which is shown in Figure 4.5-4. As
the bond angle increases from 146.6° to 150.9° there is little increase in the TN. However, as the
bond angle increases beyond 150.9° the TN increases up to the case of NCO with a bond angle of
158° and a TN of ~225 K. As was discussed earlier the Je is related to the TN, therefore there is also
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a systematic trend between the Cr-O2-Cr bond angle and the Je. Contrastingly, there does not seem
to be any obvious trend between the Cr-O1-Cr bond angle and the TN.
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132
17.2 ±0.4
11.7 ±0.1

C (emu K/Oe mol)

μeff (μB)

-61 ±7

1.94

O1-Cr (Å)

Θ (K)

2.05

Cr-O2 (Å)

2.1 ±0.1

146.6

Cr-O2-Cr (°)

D (K)

1.95

O1-Cr (Å)

9.608 ±0.007

1.95

Cr-O1 (Å)

Je (K)

150.6

Cr-O1-Cr (°)

144.1 ±0.1

7.552

c (Å)

T0 (K)

5.521

b (Å)

144.98 ±0.04

5.265

a (Å)

TN (K)

1.083

rA (Å)

DCO

9.08 ±0.09

10.3 ±0.2

-48 ±5

1.9 ±0.1

9.479 ±0.006

142.2 ±0.1

142.93 ±0.04

1.94

2

150.9

1.94

1.94

153.6

7.545

5.518

5.256

1.075

DYCO

11.1 ±0.1

15.3 ±0.3

-52 ±5

1.9 ±0.1

9.351 ±0.005

140.3 ±0.1

140.97 ±0.03

1.96

2.02

147.2

1.94

1.94

153.5

7.544

5.52

5.254

1.062

DECO

11.4 ±0.1

16.3 ±0.3

-59 ±6

2 ±0.1

9.542 ±0.007

143.1 ±0.1

143.9 ±0.04

1.95

1.99

149.9

1.94

1.94

152.2

7.55

5.522

5.259

1.072

DHCO

10.6 ±0.6

14 ±2

-142 ±46

4.9 ±0.7

10.67 ±0.08

160 ±1

164.2 ±0.3

1.95

2

153

2.01

2.01

142.5

7.617

5.519

5.326

1.145

x = 0.33

7.39 ±0.09

6.8 ±0.2

-70 ±8

1.5 ±0.3

12.976 ±0.007

194.6 ±0.1

194.96 ±0.04

1.98

1.96

155

1.99

1.99

147.8

7.655

5.499

5.373

1.208

x = 0.67

DCO-NCO

6.4 ±0.4

5.1 ±0.6

-281 ±60

1.1 ±0.4

15.013 ±0.006

225.2 ±0.1

225.36 ±0.07

2.02

1.91

158

1.97

1.97

155.1

7.698

5.484

5.426

1.27

x=1

Table 4.5-I: A comparison of lattice parameters and exchange interactions for various rare-earth substituted DyCrO3 (DCO);
Dy0.7R0.3CrO3 (R = Y, Er, Ho; DYCO, DECO, DHCO); Dy1-xNdxCrO3 (DCO-NCO). The average A-site atomic radius rA
according to ref. 215 in IX-coordination; lattice parameters a, b, and c; bond angles and lengths between Cr and O1 or O2; Neel
temperature TN; fitting parameters T0; the Cr-Cr symmetric Je and antisymmetric D exchange interactions; Weiss temperature
Θ; Curie constant C; and effective magnetic moment μeff.

4.5.4 Summary
In summary, phase pure bulk powder samples in the Dy1-xNdxCrO3 solid solution were
synthesized by a citrate method. The Neel temperature of the Cr3+ sublattice systematically
increased with increasing x, but at the cost of a systematically decreasing magnetization. Rietveld
refinements of the x-ray powder diffraction data was used to calculate the bond angles and lengths
in these materials. These values were compared to the magnetic exchange interactions as
determined by the fitting to the modified Curie-Weiss law that accounts for the DM interaction.
By comparing the structural and magnetic information of both the present Dy1-xNdxCrO3 solid
solution and the previously studied Y, Er, and Ho substituted DCO, a systematic trend was
observed between the Cr-O2-Cr bond angle and the TN and Je. Meanwhile, no obvious trend
between the Cr-O1-Cr bond angle and the TN was observed.
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Chapter 5

Exchange Bias in DyCrO3-NdCrO3

5.1 Negative exchange bias in single phase Dy1-xNdxCrO3 induced
by Nd doping
Nd substitution in DCO was studied in Section 4.5 as a means of increasing the Néel
temperature. Interesting magnetic behavior was seen in the isothermal magnetization
measurements of these samples. Observation of significant negative exchange bias (HE) is herein
reported in solid-solutions of single phase samples of Dy1-xNdxCrO3 for x = 0.33, 0.67, and 1 with
the corresponding Néel temperatures at 𝑇𝑁𝐶𝑟 = 175 K, 200 K, and 225 K respectively, and the spinreorientation transitions TSR at 48 K, 58 K, and 38 K respectively. In contrast, no HE was observed
for the sample with x = 0 (i.e. DyCrO3) shows no HE below its 𝑇𝑁𝐶𝑟 = 145 K and no reorientation
of spins at lower temperatures was observed. More importantly, the (negative) HE for the x = 0.33,
0.67, and 1 samples is observed only in the temperature range between TN and TSR with the
corresponding observation of magnetic coercivity. These results show that the canted
antiferromagnetic Γ7,Cr structure of the Cr3+ moments present between 𝑇𝑁𝐶𝑟 and TSR is essential for
the observed HE. By comparing this result to the literature, common features of single phase
materials with HE were identified. The present bulk powder samples were prepared by the citrate
method and structurally characterized by x-ray diffraction and Raman spectroscopy techniques.
Neutron diffraction measurements for the x = 0.33, 0.67, and 1 samples at select temperatures were
done to verify the presence of the Γ7,Cr structure between 𝑇𝑁𝐶𝑟 and TSR and the Γ1,Cr structure (with
no canting of Cr3+ moments) below TSR.
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5.1.1 Motivation
Magnetic exchange bias (HE) refers to the observation of a shifted and an asymmetric
hysteresis loop in a multiphase magnetic material involving different phases such as a ferromagnet
(FM), ferrimagnet (FIM), antiferromagnetic (AFM), and/or a spin glass. This HE phenomenon is
understood to result from unidirectional anisotropy induced in the FM component by the AFM
component. Exchange coupling at the interface between the two different magnetic phases causes
the anisotropy in the FM component when the sample is cooled through the Néel temperature (TN)
of the AFM material in a magnetic field.237 In recent years, the HE phenomenon has acquired
enormous technological importance because of its utilization in modern spin-valve devices,
magnetic recording devices, thermally assisted random access memory, and spintronic
devices.2,30,163,81,237–239 In addition to layers of a FM material on a AFM material, the HE effect has
also been observed in core-shell geometries.240
There are a few accepted theoretical descriptions of HE that include more influences than
the simple exchange coupling at a FM/AFM interface developed by Meiklejohn and Bean. 241,242
For example, the in the Domain State model, the ease of domain formation in the bulk of a diluted
AFM contributes to the interface magnetization and therefore HE.243,244 The accepted theoretical
descriptions of HE have been developed for systems that satisfy two conditions. First, the FM and
AFM materials are spatially distinct, which allows for the uncompensated spins (or distortion of
the AFM ordering) at the interface. Second, the Curie temperature (TC) of the FM phase is higher
than the TN of the AFM phase. This allows for the FM to influence the AFM ordering pattern (i.e.
the direction of the first layer of spins in the AFM with respect to the FM) as the AFM is cooled
below TN. The now frozen AFM ordering below TN establishes a preferential orientation of the
FM, which manifests as the HE.
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Yet, there have been a few recent reports of HE in bulk single phase materials which satisfy
neither of the above conditions for the theoretical descriptions of exchange bias. In these systems,
the presence of the exchange bias has been attributed to different mechanisms. For example, in the
double perovskite Sr2YbRuO6 the HE was thought to arise from the competition between the
Dzyaloshinskii-Moriya interaction (DMI) and uniaxial anisotropy.77 In NdCr1-xFexCrO3, the
observed HE was explained by the exchange anisotropy between the canted Cr3+ moments and the
Nd3+ and Fe3+ moments.245 Mao et al. claimed that the competition between DMI and single-ion
anisotropy is responsible for the observed HE in YCr0.5Fe0.5O3.246 Short range magnetic order in
the rare-earth sublattice of NdMnO3 was presented as a basis for the observed HE in that
material.247 Although the theories describing the cause of the HE differ widely, there are common
features in the reports of the magnetic properties of the aforementioned material systems. All of
these systems are primarily AFM with a canting that results in weak FM behavior. Additionally,
all of these material systems contain more than one magnetic ion, typically separated into different
sublattices. Furthermore, magnetic reversal is observed in all of the aforementioned materials
under field cooled conditions.
As was discussed in Section 1.3.4 The RCrO3 are canted AFM materials with multiple
magnetic ions. Rare-earth ion, Dy3+ has the highest effective magnetic moment of all the trivalent
rare-earth ions and in DyCrO3, the moment of Dy3+ is thought to co-align along the canted moment
of the Cr3+ sublattice.70 The NdCrO3 does not exhibit magnetic reversal, but the moment of Nd3+
is thought to oppose the canted moment of the Cr3+ sublattice.70 These materials stabilize in an
orthorhombically distorted perovskite structure with a Pnma (alternatively Pbnm) space group.89
The Cr3+ ions are at the octahedrally coordinated B-sites, while the R3+ ions are at the 12-fold
coordinated A-sites. The chromium sublattice orders as a G-type antiferromagnet at temperatures
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between 110 K and 220 K depending on the rare-earth ion.70 The different possible arrangements
of this magnetic order will be discussed in more detail in the following sections. The rare-earth ion
typically orders at much lower temperatures (< ~10 K). The RCrO3 materials are additionally
interesting due to their magnetic properties and potential as magnetoelectric multiferroics.71,72 The
solid-solution of NdCrO3 (TN ≈ 210 K) and DCO (TN ≈ 146 K) is therefore, as discussed in Section
4.5, also interesting as a means of shifting the TN higher, toward application relevant operating
conditions.
In this study, the structural and magnetic properties of Dy1-xNdxCrO3 solid-solutions were
studied. An exchange bias was observed in these samples that varies as the Dy3+ ions are
substituted for the Nd3+ ions. Our results show that exchange bias in a single phase material can
be observed without a magnetic reversal.

5.1.2 Experimental
Powder samples of the four compositions of Dy1-xNdxCrO3 for x =0, 0.33, 0.67, and 1
were synthesized by the citrate method discussed in Section 4.5. In this procedure, stoichiometric
amounts of nitrates of Dy, Nd, and Cr were dissolved in water and mixed before the addition of
citric acid. The resultant solutions were dried and subsequently annealed at 900°C for 2 hours in
an O2 atmosphere. X-ray diffraction (XRD) measurements of the annealed powders were
performed on a Bruker D5 diffractometer using Cu-Kα radiation. Raman spectra were recorded at
room temperature using a 514 nm Argon laser in the Renishaw System 2000. Magnetic
characterization was done using a vibrating sample magnetometer option attached to an Evercool
Physical Property Measurement System (from Quantum Design). Neutron diffraction experiments
were carried out at the HB-2A high resolution neutron powder diffractometer at the High Flux
Isotope Reactor at the Oak Ridge National Laboratory using the wavelength =2.4067 Å. The
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Figure 5.1-1: X-ray diffraction patterns of Dy1-xNdxCrO3 for x = 0, 0.33, 0.67, and
1 (a-d) showing that the materials synthesized in the Pnma phase with no
observable impurities.

collimation of the HB-2A beamline used was open-21’-12’, pre-monochromator, pre-sample and
pre-detector, respectively. The FullProf Suite software package was used for Rietveld refinement
of the neutron diffraction data.103

5.1.3 Structural Characterization
5.1.3.1 X-Ray Diffraction
Powder XRD measurements (Figure 5.1-1) were performed in order to determine the phase
purity of the prepared Dy1-xNdxCrO3 samples (x =0, 0.33, 0.67, and 1). All the observed diffraction
peaks belonged to the aforementioned Pnma, an orthorhombically distorted perovskite structure.
A systematic shift in the position of the diffraction peaks as a function of x, from DyCrO3 to
NdCrO3, was observed. The lattice parameters, as determined from the diffraction patterns, also
show a systematic trend (see Figure 5.1-2). With increasing x, the out-of-plane ‘b’ and in-plane ‘c’
lattice parameters as well as the unit cell volume (V) (see inset of Figure 5.1-2) increase, while the
in-plane ‘a’ lattice parameter decreases. The lattice parameters of the present samples with x = 0
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Figure 5.1-2: The lattice parameters of the Pnma structure of the present Dy1xNdxCrO3 for x = 0, 0.33, 0.67, and 1 samples from the Rietveld refinements of the
x-ray diffraction data. The error bars represent one standard deviation of the refined
parameters from the experimental data. The inset shows the unit cell volume as a
function of x. The systematic trends in the lattice parameters suggests that the
successful solid-solution of DyCrO3 and NdCrO3 has been synthesized.

and 1 agree well with those reported by Weber et al. for DyCrO3 and NdCrO3, respectively.89 The
monotonic increase in V with increasing x is expected since the ionic radius of Nd3+ is larger than
that of Dy3+.215 According to the Rietveld refinement of the diffraction patterns the lattice
parameters have uncertainties less than 0.016 Å. These results suggest that the present synthesis
method resulted in a single phase materials of solid-solution Dy1-xNdxCrO3.
5.1.3.2 Raman Spectroscopy
Raman spectra were measured at room temperature (Figure 5.1-3) to compliment the
structural characterization by XRD. The structure of RCrO3 is known to have 24 Raman active
modes, 12 of which occur in the range of 100 cm-1 to 600 cm-1.89 The positions of the Raman
modes of the present samples also show a systematic variation with x. For example, the Raman
peak at ~488 cm-1 for x = 0 (the superposition of the B3g out-of-phase O2 scissor-like phonons, an
Ag mode from CrO6 bending, and a B2g mode from CrO6 out-of-phase bending) show a smooth
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Figure 5.1-3: Room temperature Raman spectra of Dy1-xNdxCrO3 for x = 0, 0.33,
0.67, and 1 (a-d) showing the evolution of the phonon modes with Nd
concentration. The systematic changes in the position of the phonon modes with x,
further corroborates the incorporation of Dy into NdCrO3 in the solid-solution.

transition to the asymmetric peak at ~447 cm-1 seen for x = 1. This result is consistent with the
findings of Weber et al. who showed a systematic shift in the positions of these modes toward
lower wave numbers with increasing A-site atomic radius.89 The CrO6 rotations are the main
distortions from the ideal cubic structure, and therefore a shift toward lower wave numbers of those
phonon modes is expected as the A-site radius approaches that of the ideal perovskite. With
increasing A-site ionic radius, the modes between 400 cm-1 and 200 cm-1 also shift toward the
lower wave numbers, while the modes below 200 cm-1 shift toward higher wave numbers.89 The
combined effect in the shift of these phonon modes is that the peaks in the Raman spectra become
less distinct with larger A-site radius, as observed in the present spectra of the samples studied
here. Because both XRD scans and Raman spectra show a systematic shift in the positions of the
observed peaks without noticeable broadening, it is clear that the synthesis method was successful
in substituting Nd for Dy in DyCrO3 without noticeable phase separation or impurity phases. If
phase separation was present, a peak splitting (due to the superposition of the Dy-rich and Nd-rich
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responses) would be expected.248 However, such splitting was not observed indicating that the
present samples are likely phase pure.
5.1.3.3 Neutron Diffraction
In order to determine the influence of the Nd substitution on the magnetic structure of
DyCrO3, neutron diffraction measurements of Dy1-xNdxCrO3 powder samples with x = 0.33 and
0.67 were performed at the select temperatures. The magnetic structures of the end compounds are
well known and have been summarized by Hornreich.70 The Cr3+ sublattice of DyCrO3 forms in
the irreducible representation Γ7,Cr structure, which is a G-type AFM along the b-axis with a slight
ferromagnetic canting along the c-axis. In NdCrO3, the Cr3+ sublattice also forms in the Γ7,Cr
structure, but undergoes a spin-reorientation at 33 K to a Γ1,Cr structure, which is a G-type AFM
along the a-axis with no canting.
The magnetic structures of the present samples were measured at several different
temperatures using a 2.4067 Å wavelength neutron beam. Representational analysis, done using
SARAh,105 was employed on both the Cr3+ and R3+ sublattices in order to determine the symmetry
compatible magnetic structures at low temperatures. Refinement models using single irreducible
representations (irreps) were built using the allowed irreps (Γ1,Cr, Γ3,Cr, Γ5,Cr, or Γ7,Cr for the Cr3+
sublattice, and Γ1,Nd, Γ2,Nd, Γ3,Nd, Γ4,Nd, Γ5,Nd, Γ6,Nd, Γ7,Nd, or Γ8,Nd for the R3+ sublattice) consistent
with the magnetic propagation vector k = (0,0,0) in the Pnma nuclear space group. The fitting was
attempted with each of the Cr3+ irreducible representations and the structure was determined by
comparing the quality of the fittings. At lower temperatures, where a single irrep of the Cr3+
structure was insufficient to describe the observed diffraction pattern, combinations with other
irreps as well as combinations with the irreps of the R3+ structure were also considered. The
aluminum from the sample holder was also included in the refinement as a separate phase.
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Figure 5.1-4: Neutron diffraction (red points) data, Rietveld refinement (black
curve), nuclear Bragg positions (green vertical dashes), magnetic Bragg positions
(orange vertical dashes for Γ7,Cr, and blue vertical dashes for Γ1,Cr), and difference
between the refinement & the observed data (blue curve) for Dy0.33Nd0.67CrO3
pellet at 230 K (a), 125 K (b), 10 K (c), and 1.8 K (d) under zero-field cooled
conditions. The reliability factors for both the atomic structure (RF) and magnetic
structure (RMag) are also reported for each of the refinements. Note the change in
the intensity of the (110)m magnetic peak at 1.409 Å, signifying the change in
magnetic structure (from paramagnetic at 230 K, to Γ7 at 125 K, to Γ1 at 10 K and
1.8 K).

As will be discussed in greater detail in a later section, a magnetic HE was observed under
field-cooled conditions for the samples with x = 0.33, 0.67, and 1. Therefore, neutron diffraction
measurements were also performed under field cooled conditions for the powder samples with x =
0.67 and 1. In order to perform these measurements, the bulk powder samples were pressed and
sintered into pellet form to prevent rotation of domains under the influence of an applied magnetic
field. The pellets were contained in vanadium sample holders. The neutron diffraction experiments
were performed at several temperatures under both zero-field cooled (ZFC) and 2 T field cooled
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(FC) conditions. Figure 5.1-4 shows Rietveld refinements for x = 0.67 at several temperatures
under ZFC conditions. For all x as the samples were cooled, the Γ7,Cr structure of the Cr3+ sublattice
was the first magnetically ordered phase observed. In this magnetic structure the Cr3+ spins are
ordered in G-type AFM structure, with the moments along the b-axis and a slight canting toward
the a-axis. Upon further cooling, the samples with x = 0.33, 0.67, and 1 undergo a spinreorientation to Γ1,Cr. The Γ1,Cr is the Cr3+ spins in a G-type AFM structure with the moments along
the a-axis, and a C-type AFM component along the b-axis. Pure NdCrO3 also shows magnetic
ordering of the Nd3+ moments in the Γ7,Nd structure below 10 K. This Γ7,Nd structure is the Nd3+
spins in an A-type AFM structure with the moments along the a-axis. Under 2 T field cooling
conditions, this R3+ ordering is also observed in the sample with x = 0.67. Note that for ZFC
conditions where x = 1 and T ≤ 10 K and for FC conditions where x = 0.67, and 1 and T ≤ 10 K,
linear combinations of irreps of the Cr3+ did not fit the data well. Additionally, while linear
combinations of Γ1,Cr and Γ7,Nd fit the data best under these conditions, the differences between the
quality of the fittings for Γ1,Cr, combined with Γ3,Nd, Γ5,Nd, or Γ7,Nd were slight.

5.1.4 Results from Magnetic Measurements
The magnetic transition temperatures can be resolved by ZFC and FC magnetization
measurements, which were taken using a 50 Oe magnetic field for this study. The Γ7,Cr structure is
expected to exhibit a large effective moment and hence bulk magnetization due to the
ferromagnetic canting. On the other hand the Γ1,Cr structure, being purely AFM for the Cr3+
sublattice and paramagnetic in the R3+ sublattice, should have a much weaker moment and smaller
bulk magnetization. As can be seen in Figure 5.1-5, the Néel temperature (𝑇𝑁𝐶𝑟 ) of the present
samples systematically increases with increasing x. Also, it is noted that the magnitude of the
magnetization systematically decreases with increasing x. This is to be expected since Dy3+ has a
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Figure 5.1-5: The temperature (T) dependence of the magnetization (M) in both
zero-field cooled (ZFC) and field cooled (FC) modes for Dy1-xNdxCrO3 where x =
0 (a), 0.33 (b), 0.67 (d), and 1 (d). Note that all of the plots have identical
logarithmic vertical axes. The Néel temperature (TN) and spin-reorientation
transition (TSR) can be seen as changes of slope in the FC curve and peaks in the
ZFC curve.

much higher theoretical effective magnetic moment (eff =10.65 μB) than Nd3+ (eff =3.62 μB). The
spin-reorientation transition from Γ7,Cr to Γ1,Cr is also evident in each of the present samples
containing Nd3+, manifesting as a peak in the FC data. The spin-reorientation transition (TSR) was
observed at 47.5 K, 57.5 K, 37.5 K for x = 0.33, 0.67, and 1, respectively. Another important
feature in the x = 1 FC data is the decrease in effective magnetic moment between 175 K and 100
K, as shown in the inset of Figure 5.1-5d. This suggests that the Nd3+ and Cr3+ moment orientation
in their sublattices are opposed. However, the Nd3+ sublattice is not strong enough to fully
compensate the effective Cr3+ sublattice moment. In the x = 0.33 and 0.67 samples the antialignment of Nd3+ and Cr3+ could be masked by the behavior of the much stronger Dy3+ moments.
Similar antialignment has been observed in single phase systems that show HE. For example in
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Figure 5.1-6: Isothermal magnetization measurements of Dy1-xNdxCrO3 for x = 0,
0.33, 0.67, and 1 (a-d) at 100 K. Parts (e-h) show zoomed in plot of the magnetic
field near the origin from the data in (a-d), respectively. This plot clearly shows the
exchange bias for x = 0.33, 0.67, and 1.

Sr2YbRuO6, and NdCr1-xFexO3 a magnetic reversal is observed upon field cooling due to the antialignment of the rare-earth and transition metal sublattices.77,245
In order to further understand the magnetic behavior of samples in the Dy1-xNdxCrO3 solidsolution, isothermal magnetization measurements were performed for each of the present samples
at 100 K (Figure 5.1-6). As noted in our previous work on DyCrO3, the measured magnetization
can be approximately described as the superposition of a linear contribution and ferromagnetic
contribution.202 The linear component, which can clearly be seen in Figure 5.1-6a-d, is thought to
comprise of the paramagnetic rare-earth sublattice as well as the pure AFM contribution from the
Cr3+ sublattice.207 The ferromagnetic contribution is due to the canting of the Cr3+ moments, and
is most likely influenced by any asymmetric R-Cr exchange interactions, as has been reported for
other similar rare-earth chromites.207 Although difficult to see in Figure 5.1-6, the magnetic
hysteresis loops close at 12 kOe, 30 kOe, and 28 kOe for x = 0, 0.33, and 0.67, respectively. For x
= 1, there is no significant coercive field at 100 K. It can be seen in Figure 5.1-6a-d that at 100 K
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Figure 5.1-7: The dependence of coercive field (HC, closed symbols) and exchange
bias (HE, open symbols) on the strength of the cooling field for the x = 0.67 sample
at 100 K. The HC is independent of the cooling field while the HE saturates quickly.

the coercive field, HC, systematically decreases with increasing x. A negative HE, in each of the x
= 0.33, 0.67, and 1 samples can also be observed in Figure 5.1-6e-h. This HE is shown to
systematically increase with increasing x. In NdMnO3 a negative HE has been reported at low
cooling fields at 30 K.247 Hong et al. show that this HE in NdMnO3 becomes positive with cooling
fields of 8 T or greater. Additionally, the HE in NdMnO3 becomes positive at 8 K, which is below
the compensation temperature in that material.247 Figure 5.1-7 shows HC and HE measured under
various field cooled conditions up to 90 kOe for the present x = 0.67 sample, which is
representative of the behavior observed in the x = 0.33 and 1 samples. The HC is unaffected by the
strength of the cooling field. The HE, however, is shown to quickly saturate with cooling field
strength, reaching 92% of the -1455 Oe saturated HE with a cooling field of only 500 Oe. Similar
quick saturation of HE was also observed in the x = 0.33 and 1 samples. Unlike NdMnO3, HE of
the present samples does not become positive for cooling fields up to 90 kOe. The temperature
dependences of HC and HE as extracted from successive isothermal magnetization measurements,
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Figure 5.1-8: The temperature dependence of the coercive field (HC, closed
symbols) and exchange bias (HE, open symbols) for Dy1-xNdxCrO3, where x = 0 (a),
0.33 (b), 0.67 (d), and 1 (d). These plots clearly show peaks in the HC corresponding
to the onset of HE which become more pronounced with increasing x.

are plotted in Figure 5.1-8 for the present samples. The largest HE = -2212 Oe is observed for x =
1 at 170 K, and becomes smaller with decreasing x.
By combining the results of both the neutron diffraction measurements and the magnetic
measurements, phase diagrams for the Dy1-xNdxCrO3 solid-solution are proposed under both ZFC
(Figure 5.1-9) and FC (Figure 5.1-10) conditions. The 𝑇𝑁𝐶𝑟 and the TSR (as determined from the
measurements of temperature dependence of the susceptibility) are also shown as the boundaries
between the paramagnetic, Γ7,Cr, and Γ1,Cr phases in the phase diagrams in Figure 5.1-9 and 10. The
blue arrows in these diagrams represent the Cr3+ spins. In the Γ7,Cr structure the G-type AFM
arrangement with the moments along the b-axis can be seen, as well as the canting toward the caxis. The Γ1,Cr structure is shown in two of the diagrams. This is a G-type AFM structure with the
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Figure 5.1-9: The zero-field cooled (ZFC) magnetic phase diagram of the Dy1xNdxCrO3 solid-solution. The magnetic structure was determined by using the
symmetry consistent irreducible representations at k = (0,0,0) to do the Rietveld
refinements of the neutron diffraction data. The boundaries between the
paramagnetic and Γ7 region, and the Γ7 region and the Γ1 region were determined
from bulk magnetization measurements. The region of Nd3+ magnetic Γ7 order is
consistent with the results of the refinement of the neutron diffraction data at 10 K
and 1.6 K for x = 1. Representations of the magnetic structures are shown in the
respective regions. The Cr3+ moments are shown in blue and the Nd3+ moments are
shown in green.

moments along the a-axis. At low temperatures (in the region of the phase diagram highlighted in
magenta), the Γ1,Cr structure also includes a C-type AFM component along the b-axis. This region
additionally has the ordered Nd3+ moments, represented as green arrows in the diagrams. This Γ7,Nd
structure is an A-type AFM arrangement with the moments along the a-axis. The increase size of
the Γ7,Nd phase in both the ZFC and FC phase diagrams are consistent with the neutron diffraction
results at 10 K and 1.8 K for x = 0.67, and 10 K and 1.6 K for x = 1. Note that the exchange bias
is only observed in the Γ7,Cr phase (between the paramagnetic and Γ1,Cr phases) under FC
conditions. This region has been highlighted in the FC phase diagram (Figure 5.1-10).
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Figure 5.1-10: The proposed 2 T field cooled (FC) phase diagram of the Dy13+
xNdxCrO3 solid-solution. The highlighted portion of the Cr Γ7 region shows where
region where the exchange bias is observed. The increase in the size of the Nd3+ Γ7
region is consistent with the neutron diffraction results at 10 K and 1.8 K for x =
0.67, and 10 K and 1.6 K for x = 1.

5.1.5 Discussion
In all of the samples investigated here containing Nd3+, peaks in the coercive field are
observed at the 𝑇𝑁𝐶𝑟 and TSR, becoming more pronounced with increasing Nd content (Figure 5.1-8).
The peaks in the coercive field correspond to the onset and subsequent disappearance of the HE.
This clearly shows that, in correlation to the neutron measurements, the HE in each of the present
samples only occurs in the Γ7,Cr phase, in which the Cr3+ moments are canted from the pure G-type
AFM resulting to an effective ferromagnetic component. The HE is not observed in the Γ1,Cr phase,
which is not canted. DyCrO3 (x = 0), also forms in the Γ7,Cr phase, however, no HE is observed.
Note that, unlike Nd3+, the Dy3+ moments are thought to co-align with that of Cr3+, which is
consistent with the FC behavior shown in Figure 5.1-5a. Recall from the aforementioned neutron
diffraction results that only a single irreducible representation was needed to model the magnetic
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diffraction data at each temperature. Therefore, the accepted models of HE, which necessitates a
spatial distinction between FM and AFM materials, may not explain the exchange bias in the
present system. In the Meiklejohn and Bean model, the uncompensated spins of the AFM at the
interface with a FM cause the exchange bias.241 The Domain State model accounts for domain
formation in a diluted AFM which modifies the magnetization at the FM/AFM interface.243,244
Both the Mauri as well as the Kim & Stamps models rely on domain wall physics between a FM
and AFM to allow for exchange bias with a fully compensated AFM interfacial layer.249 However,
none of the above theories can account for HE observed in the present interpenetrating sublattices
of Dy1-xNdxCrO3. Furthermore, the above models for HE require that the TC of the FM is higher
than the TN of the AFM.249 This allows for the FM phase to influence the AFM ordering as the
system is field cooled below TN. However in the present samples, in the 30 K to 215 K temperature
range in which exchange bias is observed, only the Cr3+ sublattice is ordered. The net magnetic
moment observed in the Γ7,Cr results from the canting of the Cr3+ spins in the G-type AFM structure,
but there is only one magnetic phase. Therefore, the above models are insufficient to describe the
HE observed in the present Dy1-xNdxCrO3 system, and new models must be developed. The fact
that the onset of the exchange bias corresponds with the reduction of the coercive field suggests
that the same mechanism that controls the exchange bias must also affect the coercive field. For x
= 0, the competition between these two mechanisms, which are dominated by the R-Cr interaction,
favors larger coercive fields and transitions to favor exchange bias as the value of x in Dy1xNdxCrO3

increases toward 1.

Combining the results reported in this work as well as that from published literature, there
are three common features of the materials in which an HE is observed in a single phase: (1) there
are more than one magnetic sublattice (i.e. transition metal and rare-earth, or two transition metals),

150

(2) one magnetic sublattice forms in a canted AFM structure, and (3) the magnetic sublattices tend
to counter align. These conditions are not only satisfied by the present samples (x = 0.33, 0.67, and
1), but are also valid for other reports of HE in single phase materials including: La1-xPrxCrO3,250
NdCr1-xFexO3,245 Sr2YbRuO6,77 YFe0.5Cr0.5O3,246 and NdMnO3.247 The success of these conditions
warrants further investigation into other materials, such as TbMn0.3Cr0.7O3,251 where HE in single
phase might be observed. The DMI within the magnetic sublattice is usually responsible for the
canting of the AFM ordering, as is the case with the Cr3+ sublattice in DyCrO3.207 There are also
suggestions that the DMI is responsible for the HE in single phase systems,245,246 however such a
mechanism fails to explain why HE would not be observed in DyCrO3 in the present case. Another
common proposed mechanism for HE is core-shell interaction, as in nanoparticles of Co3O4.216
This mechanism does not seem to be active here since the present particles are bulk powders, not
nanosized, and this also fails to explain the absence of HE in DyCrO3. Hong et al. suggest that, for
NdMnO3, the HE is caused by local order of the Nd3+ moments which are antiferromagnetically
coupled to the Mn3+ sublattice.247 However, the present neutron diffraction experiments show no
evidence of local order. Furthermore, the HE in the present samples is only observed in the higher
temperature Γ7,Cr phase, well above the Nd3+ ordering temperature. Clearly, a new mechanism for
HE is needed that considers the common features of multiple anti-coupled magnetic sublattices
where one of magnetic structures is a canted AFM.

5.1.6 Conclusions
In this work, samples of Dy1-xNdxCrO3, for x = 0, 0.33, 0.67, and 1, were synthesized by a
citrate method. Analysis of x-ray diffraction and Raman spectroscopy measurements showed that
the samples were phase pure. Neutron diffraction was performed for the x = 0.33, 0.67, and 1
samples in ZFC and FC conditions, from which magnetic phase diagrams are proposed. From the
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temperature dependence of the magnetization, a systematic increase in the Néel temperature with
increasing x is reported. An observed decrease in the field cooled magnetization upon cooling in
the x = 1 sample confirmed the tendency of the Nd3+ sublattice to oppose that of the Cr3+ sublattice.
An exchange bias was observed in the x = 0.33, 0.67, and 1 samples, which quickly saturates with
the strength of the cooling field. The temperature dependence of the coercive field and the
exchange bias revealed that the exchange bias is only present in the canted antiferromagnetic Γ7,Cr
phase. From these results, it is observed that there are three features of the magnetic structure that
the present results have in common with other reports of exchange bias in a single material: (1)
there are at least two magnetic sublattices, (2) one of the sublattices is a canted antiferromagnet,
(3) the sublattices are anti-coupled. These conditions are met not only in the present samples (for
x = 0.33, 0.67, and 1), but also in reports of exchange bias in wide array of other single phase
materials.77,245–247,250
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Chapter 6
Structural, Magnetic, and Dielectric
properties of DyCrO3 Thin Films
6.1 Large Tunability and Magnetodielectric Effect in DyCrO3 Thin
Films
As was mentioned in Section 1.3.5, DCO is thought to belong to the spin-driven
ferroelectric class of magnetoelectric multiferroics (ME MFs), albeit with much higher ME active
temperatures (~146 K) than other materials of this class (<40 K). Ferroelectric materials are
expected to exhibit large tunability of the relative permittivity with applied electric field bias, and
any ME coupling should manifest as a strong magnetodielectric (MD) effect. In order to investigate
whether these properties were present, we fabricated thin films of DCO on LaAlO3 (LAO) and
LaNiO3 (LNO) coated LAO substrates. The synthesis method was found to result in smooth films
with both out-of-plane and in-plane texture. The strain imposed by the substrate caused a slight
increase in the magnetic ordering temperature of DCO. DCO films on the LNO/LAO structures
were found to have sharp interfaces with epitaxial relations between the layers. The temperature
dependence of the relative permittivity showed a frequency dispersion similar to what is observed
in relaxor ferroelectrics. In the absence of an electric field bias, a slight MD effect of ~1.5% was
observed in the DCO thin film. The relative permittivity of the DCO thin film showed a large
tunability (~ 79%) with applied electric field bias. At a 3 kHz excitation, the electric field tunability
was strongly affected by an applied magnetic field. Under 3kHz excitation, 667 kV/cm bias, and
2 T, the maximum MD effect was observed to be ~520% at 60 K for the present DCO thin film.
To the best of the author’s knowledge this is the highest MD effect yet reported.
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6.1.1 Motivation
Recall from Chapter 1 that the magnetic control of electric polarization and vice versa has
been a long sought goal of magnetoelectric multiferroic (ME MF) research.13,15,82 If strong ME
coupling can be realized at room temperature, many novel spintronic devices could then be
fabricated. As mentioned in Section 1.3.4, such applications include low power RAM and logic
gate architectures,11,30 as well as reprogrammable logic gates,29 and 8-state logic devices.31
However, most ME materials suffer from either low ME coupling, or only display the ME behavior
at low temperatures (> 40 K).10,59,82,40,252 Therefore, in order to satisfy the material requirements
for the spintronic applications, type II ME MFs are needed with higher ME active temperatures.
The RCrO3 are interesting in this regard. As was discussed in Section 1.3.5, the Néel
temperatures (TN) of the RCrO3 materials monotonically increases with decreasing atomic number
of the rare-earth ion from 112 K for LuCrO3 to 220 K for LaCrO3.70,83 Recent studies have
suggested that some of these materials develop a spontaneous electric polarization at the TN.
Rajeswaran et al. suggest that a magnetic rare-earth ion is necessary for the spin-induced
polarization, since they observe the onset of polarization at the TN for RCrO3 where R = Sm, Gd,
Tb, Tm, and Er, but not where R = Lu, or Y.71 Meher et al. later found a measurable polarization
in LuCrO3, despite the non-magnetic Lu3+ ion.253 These results conflict with the earlier theoretical
analysis that states given the centrosymmetric Pbnm space group and symmetrically allowable
magnetic structures of the RCrO3, a linear ME term should not be possible.84 One suggestion that
circumvents this conflict is a small distortion to the polar Pna21 space group, as has been proposed
to explain the onset of polarization in HoCrO3 and SmCrO3.72,85 A magnetically induced distortion
from Pbnm to Pna21 has also been proposed to explain the ME coupling in the canonical type II
ME MF, TbMnO3.67
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There have only been a few studies on the temperature dependence of the dielectric
constant of RCrO3 materials.76,83,254 Impedance spectroscopy revealed no observable anomalies in
the dielectric constant near the magnetic transitions.83 Recently, Gupta et al. reported a weak
anomaly in the dielectric constant and loss at the TN of DCO pelletized samples.254 However, the
effect of the magnetic field on the dielectric constant of DCO has not been studied. All ME MFs
should exhibit a strong magnetodielectric (MD) effect,255 which has been reported to be especially
large in the spin-driven ME MFs.256 Therefore, this work reports the synthesis of DCO thin-films
which enabled the study temperature and magnetic field dependence of the relative permittivity.
A significant tunability of the relative permittivity of DCO was found, which plateaus near the TN.
A large MD effect was observed in the DCO thin films under electrically biased conditions.

6.1.2 Experimental
Thin films of DCO were prepared on LaAlO3 (LAO) single crystal substrates as well as
LaNiO3 (LNO) coated LAO substrates using a sol-gel method. Firstly, a sol-gel precursor solution
for LNO was prepared by dissolving La acetate and Ni (II) nitrate in acetic acid. This was the spincoated onto the single crystal LAO substrates and annealed in an O2 environment at 900°C for 2
hours. A DCO sol-gel precursor solution was then prepared using nitrates of Dy and Cr dissolved
in acetic acid in stoichiometric ratios. The DCO precursor was then spin-coated onto the
LNO/LAO substrate and annealed in O2 at 900°C for 2 hours. The DCO thin film on the neat LAO
substrate was used to evaluate the structural, microstructural and magnetic properties of the DCO
films resulting from this synthesis method. The electrical properties of the DCO films were
investigated using the DCO/LNO/LAO film structures. The LNO layer serves as a bottom
electrode for the electric characterization of the films.
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Atomic force microscopy (AFM) images were taken in an Asylum Research MFP-3d. Xray diffraction (XRD) measurements were performed in a Bruker D5005. The transmission
electron microscopy (TEM) samples were prepared by focused ion beam milling in a Helios
Nanolab 460F1 from FEI. The TEM images, and energy dispersive x-ray mappings, were
performed in a Talos F200X from FEI. The magnetic moment of the samples was determined by
Vibrating Sample Magnetometry using 100 Oe in a Physical Property Measurement System
(PPMS) from Quantum Design. The capacitance measurements were performed by an Agilent
E4980A Precision LCR meter with a 110 kV/cm amplitude excitation, while the temperature and
magnetic field were controlled in a custom sample holder for the PPMS.

6.1.3 Results and Discussion
6.1.3.1 Magnetic Characterization
In order to determine the magnetic properties of thin-films of DCO, a film was grown
directly on a neat LAO substrate. Figure 6.1-1 shows AFM images of a DCO thin film on a LAO
substrate after the spin coating and annealing steps. The AFM images were taken in the AC mode.
The height AFM cantilever from the sample provides the direct topographic contrast (Figure
6.1-1a), while the amplitude of the cantilever oscillation provide alternative contrast related to the
rate of change in the height as the cantilever is scanned over the surface (Figure 6.1-1b). From
these images, the in-plane grain sizes of the DCO crystallites can be determined to be ~120 nm.
The root-mean-square roughness of the film was determined to be ~1.20 nm from the topography
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Figure 6.1-1: The atomic force microscopy images using the topography contrast
(a), and amplitude contrast (b). The ~120 nm grains are clearly visible. The surface
roughness was determined to be ~1.2 nm from these images.

contrast. These images show a relatively smooth thin-film with well-developed crystallite grains
was fabricated on the LAO substrate.
X-ray diffraction measurements were performed in order to determine the orientation of
the DCO crystallites with respect to the LAO substrate. Figure 6.1-2a shows a high resolution θ2θ scan of the thin film sample. A strong peak is observed at 47.99° corresponding to the (220)
plane of LAO in the pseudocubic structure. The (004) peak of the DCO Pbnm (alternatively Pnma
by an index shift) structure is observed a 47.69°. This corresponds with an out-of-plane tensile
strain of 0.7%. Estimating the Poisson’s ratio of DCO from work on LaCrO3 thin-films,3 the inplan compressive strain would be about -0.2%. This agrees with the lattice mismatch strain of 0.26% between the pseudocubic lattice parameters of LAO (3.79 Å)257 and DCO (3.80 Å). Note
that only the (00l) family of peaks of DCO could be observed in the θ-2θ XRD scans, suggesting
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Figure 6.1-2: (a) shows the θ-2θ x-ray diffraction measurement of a DyCrO3 (DCO)
thin film on a LaAlO3 (LAO) substrate. The subscript s is for the substrate peaks
while the subscript f denotes that of the film. (b) shows the rocking curve
measurement (Ω-scan) of the DCO thin film. (c) shows detail views of the -scan
of the DCO film (red line) and LAO substrate (black line). These measurements
show the heterepitaxial relationship between the DCO film and LAO substrate.

an epitaxial relation between the DCO film and the LAO substrate. Rocking curve measurements
(Figure 6.1-2b) were performed in order to determine the quality of this epitaxial relation. The
FWHM of the rocking curve peak is 0.333° as determined from a Gaussian peak fitting.258 Phiscans (Figure 6.1-2c) were used to determine the in-plane crystallographic orientation of the DCO
thin-film grains. Coincident 4-fold symmetry of the diffraction peaks from the (011) planes of both
LAO and DCO suggests a hetero-epitaxial relation between the film and substrate.
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Figure 6.1-3: The temperature dependence of the magnetic moment of the DyCrO3
film on a LaAlO3 substrate in both the zero-field cooled (ZFC) (open symbols) and
field cooled (FC) (closed symbols) modes. The divergence of the ZFC and FC
curves at 146.3 K indicates the Néel temperature.

In order to determine the effect of the lattice mismatch strain on the magnetic properties of
the DCO thin film, the temperature dependence of the magnetic moment was measured in both the
zero-field cooled (ZFC) and field cooled (FC) modes, as shown in Figure 6.1-3. Note that the for
the thin-film samples there is only a small volume of the DCO thin-film relative to the LAO
substrate. Therefore the slightly negative magnetic moment at temperatures >150 K is due to the
diamagnetic contribution of the LAO substrate dominating the paramagnetic contribution of the
much smaller volume of DCO. The divergence of the ZFC and FC moments indicates the magnetic
Néel temperature (TN). In bulk DCO, the Cr3+ sublattice is known to magnetically order at 145.0
K in a G-type antiferromagnetic structure with the moments along the c-axis, and a slight canting
toward the a-axis which provides a net magnetic moment.207 As can be seen in the susceptibility
measurement of the present DCO thin-film, the divergence of the ZFC and FC moments occurs at
146.3 K ± 0.3 K. The TN of various rare-earth chromites can be correlated to the c-lattice
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parameter.83 Therefore, the slight increase in the TN of the DCO thin film is consistent with the
slight increase in the c-lattice parameter due to the lattice mismatch strain as determined from the
XRD measurements.
6.1.3.2 Electronic Characterization
To enable the study of the electronic properties of a DCO thin-film, a film was grown on a
LNO coated LAO substrate. This LNO layer is used as the bottom electrode. After the growth of
the DCO thin-film, top electrodes of Pt were sputter deposited. Figure 6.1-4 shows the crosssectional TEM and EDX mapping of this thin-film structure. A diagram of this structure is shown
in Figure 6.1-4a. The ~45 nm thickness of the DCO thin-film can be clearly seen in the high angle
annular dark field (HAADF) image in Figure 6.1-4b. The composition of the layers of this thin
film structure can clearly be distinguished from the EDX mapping in Figure 6.1-4c-h. There is a
sharp interface between the Pt top electrode and the underlying DCO thin-film. The presence of
Dy atoms is only observed in the DCO layer, while there is some diffusion of the Cr atoms into
the LNO layer. From the maps of La and Ni, the formation of the LNO layer can be confirmed.
There are small regions of higher Ni concentration, with corresponding low concentrations of La,
near the DCO/LNO interface. This suggests the formation of NiO grains. These NiO grains
preserve the epitaxial relation of the overall structure. The depth of the NiO grains into the LNO
layer is similar to the Cr diffusion depth into this layer. Below these features is the remainder of
the LNO layer, which is observed to have a sharp interface with the LAO substrate.
High resolution TEM images of the LAO/LNO and LNO/DCO interfaces are shown in
Figure 6.1-5a and b, respectively. Note that for the sake of simplicity, we use the pseudo-cubic
structures of both LAO and LNO throughout this discussion. Fast Fourier transforms were
performed in the highlighted regions of Figure 6.1-5a and b. We observe the epitaxial growth of
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Figure 6.1-4: (a) Schematic diagram of the layers in the device structure; (b-h)
STEM data obtained from a FIB-cut cross section corresponding to the region
shown in (a): (b) HAADF image; (c-h) compositional maps showing the
distributions of the metallic species in this area.

LNO on the LAO. Unlike the DCO film on neat LAO discussed in Part 1, the DCO thin-film
deposited on the LNO layer shows two epitaxial growth directions. A grain boundary within the
DCO film can be seen near the right-hand side of Figure 6.1-5b. This is confirmed by the 90°
rotation between the reciprocal-space mappings from the left and right highlighted regions (Figure
6.1-5e and f, respectively. The relative orientations of each of the layers in this thin-film structure
is summarized in Table 6.1-I. These TEM images show that the present DCO/LNO/LAO structure
provides a good platform for studying the dielectric constant of a DCO thin-film.
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Figure 6.1-5: (a,b) Phase contrast TEM lattice images obtained from regions near
the LaAlO3 / LaNiO3 and LaNiO3 / DyCrO3 interfaces. (c-f) 2D FFTs obtained from
the regions of the lattice images defined by the white boxes in (a) and (b). The FFTs
correspond to the zones: (c) [100] LaAlO3; (d) [100] LaNiO3; (e,f) [110] DyCrO3.

Table 6.1-I: The relative orientations of the LaAlO3/LaNiO3/DyCrO3 thin-film
structure as determined by the TEM analysis.

Growth Plane
In-plane Direction
Zone Axis

LaAlO3
(001)
[010]
[100]

LaNiO3
(001)
[010]
[100]

DyCrO3
(001) (11̄ 0)
[1̄ 10] [001]
[110] [110]
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Figure 6.1-6: (a) The temperature dependencies of the relative permittivity (εR) of
the DyCrO3 film at a few representative frequencies both without an external
magnetic field (closed symbols), and with a 2 T field (open symbols) show a
frequency dependent maximum. Part (b) shows the temperature dependence of the
loss tangent (tan(δ)) under a 0 T field and 2 T field. All measurements were
performed under zero-field cooled (ZFC) conditions as the sample was warming.
A 1.5% increase in the εR under the 2 T magnetic field is due to the
magnetodielectric effect.

The temperature dependence of the relative permittivity (εR) and loss (tan(δ)) is presented
in Figure 6.1-6 in both the absence of a magnetic field and a 2 T field. Both sets of data were
collected upon warming from 5 K. Note that there is a slight thermal hysteresis to the temperature
dependence of εR; at all temperatures, the εR is slightly smaller upon cooling compared to the εR
measured as the sample is warming. Unlike the recent report of the εR in DCO nanoplatelets,254 no
anomaly in the εR of the present thin film could be observed at the TN. This may be due to the much
larger electric fields used in the present study obscuring the relatively week feature. The high
tan(δ) values shown in Figure 6.1-6c and d are consistent with other reports of high losses in the
bulk RCrO3 materials and the larger losses thin films compared to bulk samples.254,259,260 The
maximum εR of 86.3 occurs at 110 K and 2 kHz. This peak is slightly higher under the 2T ZFC
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conditions; 87.6. DCO therefore has a slight magnetodielectric (MD) effect of ~1.5% at 2 kHz and
2T. This MD effect was calculated using:
𝑀𝐷 =

𝜀𝑅 (𝐻)−𝜀𝑅 (0)
,
𝜀𝑅 (0)

(6.1-1)

where εR(0) and εR(H) are the relative permittivity with and without the applied magnetic field (H).
MD behavior is commonly observed in many ME MF materials. In the charge-ordered ME MF,
LuFe2O4, a decrease in εR was observed with increasing magnetic field.261 In the spin-driven
ferroelectric class of ME MFs, the dielectric response is intimately related to the magnetic fields.
In RMnO3 (R = Gd, Tb), the archetypal spin-driven ferroelectrics, an external magnetic field drives
the transition to a non-ferromagnetic spin structure, which manifests as a large suppression of the
εR.262 A similar suppression of εR due to a metamagnetic transition was also observed in
HoMnO3.263 In contrast, an increase in the εR with applied magnetic field has been reported for the
some spin-driven ME MFs, RMn2O5 (R = Tb, Dy).256 The increase in εR with external magnetic
field in the RMn2O5 system was discussed in terms of a competition between the two components
of polarization in this spin-driven ferrielectric system. The polarization response of DCO is still
not well understood, but MD effect observed in the present thin film suggests a coupling between
the magnetic and electric degrees of freedom.
Both in the absence of the magnetic field and under the 2T ZFC conditions, the height of
this peak in the temperature dependence of εR in the present DCO thin film decreases and shifts
toward higher temperatures as the frequency is increased. Such a dispersion in the frequency
dependence of the peak in εR is commonly associated with relaxor ferroelectrics.264 A similar
relaxor ferroelectric behavior has also been reported in the ME MF CdCr2S4.265 Using ε’ = εRcos(δ)
the frequency dependence of the maximum in ε’ (TM) was fit to a Volgel-Fulcher (VF) law. This
VF law is defined by the equation:266
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Figure 6.1-7: The Vogel-Fulcher (V-F) fitting of the frequency dependence of the
temperature of maximum ε' in the absence of an applied magnetic field. The V-F
law fits the data well up to 200 kHz, beyond which there is a clear divergence.

𝜏 = 𝜏0 𝑒

𝐸
𝑘𝐵 (𝑇𝑀 −𝑇0 )

,

(6.1-2)

where τ is the inverse frequency, τ0 is the attempt time, E is the activation energy, kB is Boltzmann’s
constant, and T0 is the freezing temperature. As can be seen in Figure 6.1-7, the frequency
dependence of TM fits the V-F law well up to 200 kHz, beyond which there is a clear divergence
from V-F behavior. The τ0, E, and T0 were found to be 90 ± 20 ns, 0.0123 ± 0.0008 eV, and 80.9
± 0.7 K in the absence of a magnetic field, and 75 ± 40 ns, 0.015 ± 0.003 eV, and 77 ± 2 K under
a 2 T magnetic field. The present τ0 is much longer than those of classical relaxor ferroelectrics
such Pb(Mg1/3Nb2/3)O3 (4.3*10-11 s to 10-12 s)266,267 or BaTi0.7Sn0.3O3 (5*10-11 s)268. However, such
large values of τ0 (10-6 to 10-13 s) are commonly observed in some magnetic materials such as the
cluster-spin-glasses

like

Bi(Fe0.95Co0.05)O3,269

Fe-doped

LaMnO3,270,271

and

Dy-doped

CoFe2O4.272 The magnetic contribution to the dielectric behavior in DCO, as evidenced by the MD
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Figure 6.1-8: The electric field bias dependence of the relative permittivity (εR) of
the DyCrO3 thin film at 3 kHz and 60 K (a), 110 K (b), and 220 K (c), and 100 kHz
and 60 K (d), 110 K (e), and 220 K (f). Open symbols indicate measurements
performed as the sample was warming (W), while closed symbols indicate those
taken during cooling (C). The measurements were done both without an applied
magnetic field (black symbols), and with a 2 T field (red symbols). A very large
tunability and magnetodielectric effect can be observed in this DyCrO3 thin film.

effect, may also affect the dielectric relaxation dynamics in a mechanism analogous to clusterspin-glasses.
The isothermal electric field bias dependence of the εR was also measured at several
different temperatures, as shown in Figure 6.1-8. The effect of the thermal hysteresis can clearly
be observed for the measurements at 110 K and 100 kHz. In the high temperature regime, 220 K
(well above the magnetic TN), there is little variation of the εR in the electric field range of ±667
kV/cm. At 110 K, where the peak in εR occurs in the absence of a bias, a large change in the εR is
observed as the strength of the bias field increases. A somewhat weaker bias field dependence is
observed at 60 K. This tunability (n) of the εR can be defined by the equation:
𝑛=

𝜀𝑅 (0)−𝜀𝑅 (𝐸)
,
𝜀𝑅 (0)

(6.1-3)
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where εR(E) is the relative permittivity at the bias electric field (E), and εR(0) is the relative
permittivity without a bias E. The largest n of ~79% is observed at 3 kHz, which also has the
largest εR. Large values of n are a hallmark of ferroelectric and incipient ferroelectric
materials.260,273 Therefore the large n of the present DCO thin film is consistent with earlier reports
suggesting magnetically driven ferroelectricity of the magnetic rare-earth chromites.71
The effect of an applied 2 T magnetic field on the bias E dependence of εR is small at 100
kHz and 1 MHz. However, as can be seen in Figure 6.1-8a-c, there is a strong MD effect at 3 kHz.
Similar to the earlier measurements without a bias E, the MD effect under the applied magnetic
field serves to increase the εR. This MD effect becomes stronger with increasing E, and, in contrast
to the measurements in the absence of a magnetic field, the εR increases with increasing E after an
initial decrease. Using the definition provided in Equation 4.7-3, this increase in εR results in a
negative n, which reaches a value of approximately -217% at 60 K, 2 T, and 3 kHz. The MD effect
at these conditions has a value of over 520% for a bias E of 667 kV/cm. Such a strong MD effect
suggest that the magnetic and electric degrees of freedom in DCO are intimately coupled. This
agrees with reports of other rare-earth chromites that claim spin-driven ferroelectricity.71 This MD
effect is much larger than the 109% reported for DyMn2O5.256 To the best of the author’s
knowledge the MD effect in the present DCO thin film is the largest yet reported in the literature.
However, this statement must be qualified by the fact that such a large MD effect in DCO is only
observed under a bias E.
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Figure 6.1-9: The temperature dependence of the dielectric tunability for 3 kHz (a),
110 kHz, and 1 MHz (c), both without an applied magnetic field (black symbols)
and with a 2 T field (red symbols). Negative tunability indicates an increase in the
relative permittivity with increasing electric field strength. Note the maximum
positive tunability is reaches a broad plateau near the 146 K Néel temperature, a
feature that is emphasized at 3 kHz and 2 T.

The temperature dependence of n, as measured upon warming, is shown in Figure 6.1-9.
At high temperatures the n is small, but reaches a broad plateau near the TN of 145 K. Below ~80
K the n decreases as the temperature decreases. At low temperatures (<50 K) the negative n again
corresponds to an increase in εR with increasing E. The application of a 2 T magnetic field does
not significantly affect the n at 100 kHz. However, at 3 kHz the features in the temperature
dependence of n are more strongly emphasized under the 2 T magnetic field. Here the n remains
small above the TN, but sharply increases near TN. The n then reaches its broad maximum and
decreases until the aforementioned large n of -217% at 60 K. It should be mentioned that under
these conditions of 2 T, 3 kHz, and 667 kV/cm, accurate measurements of εR were not possible for
temperatures <60 K due to very large values of tan(δ). These measurements of n, together with the
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measurements of εR, show that DCO is a strongly tunable dielectric with a very large MD effect
suggesting that the magnetic and electric degrees of freedom in this material are strongly coupled.

6.1.4 Summary
This work reports the strong tunability and magnetodielectric effect in thin films of
DyCrO3. The thin films were synthesized by a sol-gel method and found to have a low surface
roughness by atomic force microscopy. X-ray diffraction measurements confirmed both in-plane
and out-of-plane texture of the DyCrO3 film on a single crystal LaAlO3 substrate. The temperature
dependence of the magnetic moment revealed a slight increase in the Néel temperature due the
lattice mismatch strain imposed on the film. Transmission electron microscopy images of a
DyCrO3/LaNiO3/LaAlO3 structure show the clear contrast and epitaxial relation between the layers
with some interdiffusion of Cr3+ and Ni3+. Dielectric constant measurements were performed under
various temperature, magnetic field, and electric field conditions. The temperature of the
maximum relative permittivity shows a strong frequency dependence, similar to what is observed
in relaxor ferroelectrics. A slight increase in the relative permittivity was observed with an applied
2 T magnetic field. A strong tunability of the dielectric constant with an applied bias electric field
was observed to reach a broad maximum below the magnetic Néel temperature. The tunability
characteristics at 3 kHz were strongly affected by the applied magnetic field. The magnetic field
caused an increase in the relative permittivity with increasing bias electric field. This resulted a
large tunability of -217% and the strongest magnetodielectric effect yet reported: ~520%. The
strong magnetodielectric effect, and large tunability of DyCrO3 suggests a ferroelectric or insipient
ferroelectric mechanism with relaxor-like dynamics that has a strong contribution from the
magnetic order. This work, in combination with earlier reports, shows that the magnetic and
electric degrees of freedom in DyCrO3 are intimately related, as would be the case for a spin-driven
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ferroelectric. Future studies should examine the dielectric tunability and magnetodielectric
behavior of DyCrO3 single crystals in order to eliminate extrinsic effects.
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Chapter 7

Conclusions and Outlook

7.1 Conclusions
In this dissertation several materials were studied along the different pathways to
magnetoelectric coupling. The ultimate goal of this field of study is to develop a material with a
high magnetoelectric coupling at room temperature.
In order to study materials with differing mechanisms of magnetoelectricity, a versatile
fabrication method was needed. Wet chemistry synthesis was used throughout this work since it
provides a large chemical versatility. The chemical composition of the materials studied could be
tuned quickly by simply changing the stoichiometric ratios of the metal ion salts dissolved in the
solution.
Because it is rare for a single phase material to have both magnetic and polar order, the
historic route to achieving high magnetoelectric coupling at room temperature is to use a composite
approach. In these composites the magnetic phase with a large magnetostricitve response, is
mechanically coupled to a piezoelectric material. Novel synthesis methods for magnetoelectric 30 composite thin films were developed.


In a novel synthesis technique nanoparticles of CoFe2O4 (CFO) were distributed in
a PbZr0.52Ti0.48O3 (PZT) matrix. By using nanoparticles a high interfacial area, over
which the magnetoelectric coupling occurs, could be attained at a low volume
fraction of CFO.
o These 6-8 nm CFO particles were synthesized by a co-precipitation method
and coated with oleic acid. Reduced oxygen coordination at the surface of
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the particles caused a spin-glass contribution to the magnetic properties of
the particles.
o The oleic acid coating of the CFO nanoparticles allowed them to be
suspended in a PZT precursor solution. The ferroelectric hysteresis of the
resulting composites successfully avoided creating leakage currents. This
allowed for a high magnetoelectric coupling (549 mV/cm Oe at 453 Oe DC
bias and 1 kHz) to be achieved.


Inspired by the known insolubility of the perovskite and spinel structures mixed
precursor synthesis technique for 3-0 PZT:CFO composite thin films was
developed. The spontaneous phase separation into pancake-like regions of higher
concentration of ~25 nm CFO particles was observed. This unique distribution of
CFO in a PZT matrix resulted in a high magnetoelectric coupling of 3.07 V/cm Oe
at 1 kHz and 250 Oe DC bias, which monotonically increased with increasing
frequency up to 25.0 V/cm Oe at 90 kHz and 250 Oe DC bias. This high coupling
allowed for the polarization direction of the ferroelectric PZT domains to be
switched by magnetic fields.

Single phase magnetoelectric multiferroics are more appropriate for many spintronic
applications. The rare-earth chromites, such as DyCrO3 (DCO), are good potential candidates for
magnetically driven ferroelectricity at temperatures between 110 K and 230 K, depending on the
rare-earth ionic radius. However, the magnetic behavior of these materials and how that may relate
to the electronic properties had not been well studied. Therefore the goal of this work was to
improve the understanding of the underlying magnetic exchange interactions and how they relate
to the electronic behavior. The versatility of the sol-gel synthesis was used to easily tune the
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chemical composition and allow for the fabrication of bulk powder and thin film samples of pure
and substituted DCO.


Pure bulk powder samples of DCO were synthesized by a sol-gel method. The
competition between the weak ferromagnetic contribution from the canting of the
Cr3+ spins and the predominantly paramagnetic contribution from the Dy3+ spins
caused a broad plateau in the coercive field of DCO at 80 K. A large magnetocaloric
effect was observed at low temperatures (<15 K), which was thought to be due to the
ordering of the spins of the Dy3+ sublattice.



Y, Er, and Ho, substitutions in DCO were synthesized in bulk powder form to
provide variance in the A-site magnetic moment while minimizing structural
distortions. The substituted samples were found to be phase pure. The substitution
of Y and Ho for Dy in DCO caused a reduction in the magnetocaloric entropy
change. Er substitution caused a slight increase in the magnetocaloric entropy change
which may be due to a slight increase in the magnetic ordering temperature of the
rare-earth sublattice. The Er substituted DCO a magnetocaloric entropy change of
(10.92 J/kg K at 40 kOe and 5 K with a relative cooling power of 237 J/kg) compared
to pure DCO, which although had a smaller entropy change (10.85 J/kg K at 5 K and
40 kOe) had a larger relative cooling power (256 J/kg) due to the broadness of the
magnetocaloric response.



The Y, Er, and Ho substitutions in DCO also caused slight structural distortions, as
determined by x-ray diffraction measurements, which subsequently caused slight
changes to the magnetic ordering temperature of the Cr sublattice. A new model for
the temperature dependence of the susceptibility was developed for temperatures
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above the Néel temperature which corrected the Curie-Weiss law to account for the
Dzyaloshinskii-Moriya interaction. Fitting to this model showed that the slight
changes in the Néel temperatures due to the substitutions were related to slight
changes in the isotropic component of the Cr-Cr interaction, while the
Dzyaloshinskii-Moriya component remained constant across the samples.


Nd substitution in DCO was investigated as a means of increasing the Néel
temperature. The Nd substitution caused an increase in the Néel temperature which
could be linearly correlated to the increase in the a lattice parameter. The Néel
temperature was related to the Cr-O2-Cr bond angle. As this bond angle increases
from 146.6° to 150.9° there is little change in the Néel temperature. However,
beyond 150.9° up to 158° the Néel temperature monotonically increases with
increasing angle.



The samples in the DCO-NCO solid solution were also found to have interesting
magnetic properties. An exchange bias was observed for samples 33% Nd
substitution and above. Phase diagrams were created for both the 0 T and 2 T cooling
conditions. Because the exchange bias in the DCO-NCO solid solution samples was
observed in a single magnetic phase, modern theories of exchange bias fail to
describe these results. Three common features were for exchange bias in a single
phase system were identified. Firstly, each of these materials have more than on
magnetic sublattice. Secondly, one of the magnetic sublattices is a canted
antiferromagnet. Thirdly, the two sublattices are antiferromagnetically coupled.



Thin films of DCO were synthesized on both neat and LaNiO3 coated LaAlO3
substrates in order to study the electronic properties of DCO. The thin films DCO
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were found to be epitaxial with the LaAlO3 substrate with some in-plane texture. The
magnetic transition of the DCO thin film is slightly higher than the bulkThe
temperature dependence of the dielectric constant shows a broad peak whose
frequency dependence is similar to that seen in relaxor ferroelectrics. This film
shows a large tunability of the dielectric constant below the Néel temperature. The
largest tunability observed was 79% at 3 kHz and ~80 K. The tunability behavior is
significantly affected by an applied magnetic field, resulting in a magnetodielectric
effect as high as 520% at 60 K, 2 T, and 3 kHz. The frequency dependence of the
dielectric constant, the large tunability, and strong magnetodielectric effect together
suggest ferroelectricity or incipient ferroelectricity that is strongly related to the
magnetic order. This is consistent with other reports that suggest the rare-earth
chromites are magnetically driven ferroelectrics.

7.2 Outlook
7.2.1 Electronic Devices
The high magnetoelectric coupling achieved by the composites herein presented are well
suited for device applications. Unlike the magnetolectic composites that are in current commercial
use, the present composites are not bulky nor do they require cantilever structures to achieve the
high coupling. The composite synthesis methods developed in this work can be easily applied for
devices in integrated circuits. Both of the composite synthesis methods (nanoparticle based, and
mixed solution based) require only a single deposition process, thus eliminating the need for
complex multi-step lithography and deposition processes. Additionally, these techniques are based
on wet chemistry sol-gel synthesis and are therefore scalable to larger substrates. Future work on
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these composites could focus on fabricating magnetic field sensors, energy harvesters, or tunable
microwave devices.

7.2.2 Magnetic Refrigeration
Both pure and Er substituted DCO were found to have large magnetocaloric effects below
30 K. These materials could therefore be used in magnetic refrigeration devices. This temperature
range is technologically important for many scientific instrumentation as well as cooling the
superconducting magnets for applications such as medical magnetic resonance imaging. The most
prevalent commercially available refrigeration in this temperature range is based on liquid He. He
is an expensive resource and, due to the global shortage, the cost is only expected to increase. Solid
state refrigeration, such as that provided by the large magnetocaloric response of pure and Er
substituted DCO, provides an alternative technology that could avoid the use of liquid He.

7.2.3 Modified Curie-Weiss Law
In this work a model was developed that adjusted the Curie-Weiss law to account for the
Dzyaloshinskii-Moriya interaction. The Curie-Weiss law fits the paramagnetic susceptibility well
above the Néel temperature. As the temperature is lowered toward the Néel temperature, the
paramagnetic susceptibility diverges from Curie-Weiss behavior. Accounting for the
Dzyaloshinskii-Moriya interaction allows this model to fit the divergence from Curie-Weiss
behavior to provide more information on the exchange interactions in the system. The model
developed in this work is generally applicable to bulk powder samples with a significant
Dzyaloshinskii-Moriya component to the exchange interactions. Other materials that could be
studied with this model include some of the rare-earth manganites and Fe2O3. This model allows
the exchange interactions to be studied from simple measurements of temperature dependence of
the susceptibility.
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7.2.4 Single Phase Exchange Bias
In this work a magnetic exchange bias was observed in a single magnetically ordered phase
in the solid solution of DCO and NCO where the Nd concentration was 33% or higher. This
phenomenon cannot be explained by modern accepted theories of exchange bias. A more robust
theory of exchange bias must be developed to be able to explain the exchange bias in a single
magnetically ordered phase. However, this work identified three common features of materials
that have reports of exchange bias in a single phase. These materials all have (1) more than one
magnetic sublattice, (2) one of which is a canted antiferromagnet, and (3) the sublattices are
antiferromagnetically coupled. There are several other materials that have the above three features,
GdCrO3 and TmCrO3 for example. It would therefore be interesting to study the isothermal
magnetization behavior of those materials under field-cooled conditions.
X-ray magnetic circular dichroism (XMCD) may also be a useful tool to study these
materials. XMCD allows for the study of element specific magnetic responses. By investigating
the difference between the interactions at characteristic x-ray wavelengths for oppositely circular
polarizations, the magnetic response of Nd3+ could be compared to that of Cr3+ in NCO for
example. This may elucidate features of the magnetic response which may aid in the formulation
of a theory for exchange bias in single phase materials.

7.2.5 Single Crystals of DyCrO3
The dielectric constant measurements of thin film samples of DCO showed a frequency
dependent peak in the temperature dependence, a large tunability, and a strong magnetodielectric
response. Together these results suggest a least an incipient ferroelectricity that is strongly related
to the magnetic order. However the leakage currents were too high to directly measure the
polarization. Single crystals of the rare-earth chromites have been grown for use in neutron
177

diffraction studies. It would be very interesting to study the dielectric properties of single crystals
of DCO in order to avoid extrinsic effects such as leakage currents. Such a study would allow for
more conclusive evidence as to the presence of magnetically driven ferroelectric in DCO.
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